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Abstract In this work, electronic structure calculations and
Molecular Dynamics (MD) simulations were performed in
order to carry out a static and dynamic study of disaccharides,
trehalose, sucrose and maltose. These three disaccharides
share the same chemical formula and the same number of
OH groups; however, it has been widely shown that trehalose
has a superior ability to protect biological structures. In order
to contribute to the understanding of the factors that determine
this ability of trehalose, in this work a comparative study of
the three disaccharides in gas phase and dilute aqueous solu-
tion is performed. A detailed analysis of hydrogen bonds
(HBs) was carried out using Quantum Theory of Atoms In
Molecules (QTAIM) on wave functions obtained at B3LYP/
6-311++G** level. Besides, stereoelectronic effects were ex-
amined by Natural Bond Orbital (NBO) analysis. In addition,
the intra- and intermolecular HB interactions in MD runs of
infinitely dilute aqueous solution of sugars have been moni-
tored. Results show that the three disaccharides form a signif-
icant number of HBs of C-H-+-O type, mainly in trehalose. An
intermolecular bond of this type determines the conformation-
al rigidity of trehalose in solution which contributes to
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stabilize a clam shell conformation as the one observed in
the crystal. In this disaccharide, hydrogen bonds are more
labile, showing a quickly exchange of the water molecules
that form these HBs. This fact slows down ice formation and
could be the explanation for trehalose capabilities as a
cryoprotectant.

Keywords Bioprotection - Disaccharides - Anomeric effect -
QTAIM - Molecular dynamics

Introduction

It has been observed [1] that certain organisms, called
anhydrobiotic, when subjected to severe dehydration condi-
tions and high temperatures, after synthesizing a large amount
of saccharides, enter in a state of suspended animation in
which their growth, reproduction and metabolism temporarily
cease, and in which they may remain for long periods. When
the environmental conditions become favorable, these organ-
isms recover their normal metabolic activity. The synthesis of
saccharides has been identified as a key factor of this phenom-
enon [2, 3], which is called cryptobiosis and has led to a great
number of researches on the capacity of saccharides, particu-
larly trehalose, as bioprotector agents [4—10]. The trehalose
naturally occurs as «-D-glucopyranosyl-(1, 1)-x-D-
glucopyranoside, which is the conformation of less energy
among three possible isomers (x,o-; &,[3-; 3,3-). Moreover,
it is a non-reductor sugar, since the glycosidic linkage in-
volves the OH groups of the two anomeric carbons. From a
thermodynamic and kinetic point of view, the trehalose is the
most stable natural disaccharide. The glycosidic linkage ener-
gy is very low (less than -4.2 kJ/mol) when it is compared to
the other disaccharide (the sucrose glycosidic linkage energy
is +113 kJ/mol) [11]. It has also been shown that trehalose is
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able to act as a protector against physical stress caused by
desiccation, osmotic changes, cold, heat and the presence of
heavy metals [12—14]. In the absence of water, it keeps the
fluid lipid phase separation preventing rupture and disaggre-
gation of the membranes [15]. It effectively prevents the
Maillard [16] reactions that occur between a reducing sugar
and the amino group of amino acids. These properties of tre-
halose have numerous applications in the medical, food, cos-
metic and pharmaceutical industries [17-19].

The molecular mechanism by which trehalose, and sugars
in general, are able to stabilize and protect labile biomolecules
is not fully understood, and it remains the subject of intense
scientific activity [20-27]. In order to contribute to the under-
standing of this mechanism, in the current research, a static
and dynamic study of the disaccharides trehalose (dihydrate
and anhydrous), maltose (4-O-x-D-glucopyranosil-f3-D-
glucopyranoside) and sucrose (x-D-glucopyranosil-{3-D-
fructofuranoside) is performed. From a static point of view,
the electronic structure of the sugars was analyzed in the
framework of the Quantum Theory of Atoms In Molecules
(QTAIM) developed by Bader [28]. Then, by Natural Bond
Orbital (NBO) [29] analysis, interactions of charge transfer
between donor and acceptor orbitals were evaluated and the
anomeric and exo-anomeric effects examined and quantified.
Finally, molecular dynamics (MD) simulations in vacuum and
in infinitely dilute aqueous solution were also employed to
examine the solvent effect and the characteristics of hydration
of sugars. In the analysis of sugar-water interactions, special
attention has been given to hydrogen bonds (HBs) of the type
C-H:O. The study of these HBs, due to their greater lability
(i.e. lower energetic requirement for their formation and/or
breaking), greater angular flexibility (since they are less direc-
tional), and the possibility for water molecules involved to
form bifunctional HBs, can give us further insight about what
happens during the process of interest.

The results of this research are presented in two parts. In the
first part, we present a study by electronic structure methods
using the QTAIM and NBO analysis. In the second part, MD
simulations of dilute aqueous solutions of sugars are carried
out, and the interactions with water are analyzed.

Computational Details
Static study

The initial structures of the disaccharides were obtained from
crystallographic data base [30-33]. In the case of trehalose,
the two crystalline forms reported in the literature and the
anhydrous form obtained by removing water molecules were
analyzed. The geometries were optimized without any restric-
tion using the combined Becke’s three parameter exchange
functional, the gradient corrected functional of Lee, Yang
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and Parr (B3LYP functional) [34, 35] and 6-311++G** basis
set. The minimum energy nature of the optimized structures
was verified using the vibrational frequency analysis. All of
these electronic structure calculations were performed with
the Gaussian 03 suite of programs [36].

The optimized geometries were then used to perform NBO
analysis from NBO 3.1 program [37] as implemented in
Gaussian 03. QTAIM calculations were carried out using
wave functions generated at the B3LYP/6-311++G** level
with the AIMALL [38] and MULTIWEFN [39] software.

QTAIM analysis

The QTAIM has proven to be a useful and successful tool to
classify and to characterize the different types of chemical
bonds and, currently, it is used universally as a test of the
existence of bonding interactions. Some aspects of this theory
are briefly described below.

Brief outline of the QTAIM method In the QTAIM the
properties of the electron density distribution of a molecule
are based on the gradient vector field of the electron density
Vp(r), and the Laplacian of the electron density V2p(r,). An
atom in a molecule is defined as a region of real three-
dimensional space bounded by a zero-flux surface. The points
on this surface satisfy the zero-flux condition, Vp(r)-n(r) = 0
where n(r) is the unit vector normal to the surface at r. Two
interacting atoms in a molecule creating a critical point in the
electron density, where Vp = 0, which is called a bond critical
point (BCP), and its coordinates, are denoted by r.. The pairs
of gradient paths that originate at a BCP and terminate at
neighboring nuclei define a line called an atomic interaction
line, through which electron distribution, p(r), is a maximum
with respect to any neighboring line. The presence of such a
line, linking two nuclei in a molecule, which exists in equilib-
rium geometry, implies that two atoms are bonded to another
and in this instance this line is called a bond path. The network
of bond paths for a molecule in a given nuclear configuration
defines the molecular graph, which essentially is the union of
the closures of the bond paths, and it usually corresponds to
the commonly drawn chemical bond network. Different local
topological properties calculated at BCP allow distinguishing
between shared and closed-shell interactions. Other critical
points of interest are: nuclear critical point NCP, generally
located at the positions of the nuclei, ring critical point, RCP
associated to a ring structure and cage critical point CCP,
associated with a cage structure.

NBO analysis
In the NBO analysis [29], the electronic wave function is

interpreted in terms of a set of occupied Lewis and a set of
unoccupied non-Lewis localized orbitals. The interactions
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between these orbitals represent the deviation of molecule
from the Lewis structure and can be used as the measure of
delocalization. The strengths of these interactions are quanti-
tatively estimated by means of the second-order perturbation
interaction energy, E?.

Dynamic study

The optimized structure of each disaccharide was solvated
with 1500 water molecules TIP3P [40] in an octahedral box.
Point charges on the atomic nuclei were fitted by RESP [41]
using Gaussian 03 at HF/6-31G* level of theory. MD simula-
tions were performed with the AMBER 11 [42] software suite
using GAFF and ff99SB force fields. Simulations were pre-
ceded by 2 stages of energy minimization using Steepest
Descent and Conjugate Gradient methods. The first stage
was performed using harmonic constraints of force on the
atoms of sugars, and the second one without restrictions.
The resulting systems of minimum potential energy were sub-
jected to 500 ps of MD under constant volume conditions until
300 K with movement restrictions on the same molecules as in
the first stage of minimization. Then, the system was equili-
brated in the NPT ensemble at 300 K and 1 atm with no
restrictions on the molecules, during 10 ns. Constant temper-
ature and pressure were satisfied by Langevin [43] coupling
algorithm, and all bond lengths involving hydrogen atoms
were restricted with the SHAKE [44] algorithm. Long-range
electrostatic interactions were calculated using the particle-
mesh Ewald (PME) [45] method, while van der Waals
(vdW) interactions were calculated using the 6-12 Lennard-
Jones potential. The cutoff distance for non-bonded van der
Waals interactions was set to 10 A. The equations of motion
were integrated with a step size of 2 fs. Data collection run was
performed in the NVT ensemble during 25 ns.

Finally, in order to analyze the influence of the solvent on
the geometry and HBs of the three disaccharides, 25 ns of MD
runs in vacuum were also performed.

Results and discussion
Quantum Mechanics Calculations

Figure 1 shows a schematic representation of trehalose anhy-
drous (Fig. 1a), sucrose (Fig. 1b) and maltose (Fig. 1c) and
Fig. 2 shows the two crystalline forms of trehalose dihydrate
(Fig. 2a, b). The dihedral angle defining conformational flex-
ibility around the glycosidic bond, ®, ¥ and those that define
the conformations of hydroxymethyl groups, w, w’ and x are
also indicated.

The selected geometric parameters calculated at the
B3LYP/6-311++G** level are given in Table 1.
Experimental values obtained by X-ray diffraction on the

Fig. 1. Molecular structures of: a trehalose, b sucrose and ¢ (3-maltose.
The numbering of the oxygen atoms is indicated. Torsion angles are
defined as: & = 05-C1-O1-C1’ and ¥ = C1-O1-C1’-05’; & = O5g-
Clg-Ol1g-C2f and ¥ = Clg-O1g-C2f-O5f; & = 05-C1-01-C4’ and
¥ = C1-01-C4’-C5’ in trehalose, sucrose and maltose respectively. The
conformations of the hydroxymethyl groups are described by the
torsional angles: w = 05-C5-C6-06 and w’ = 05’-C5’-C6’-06’ in
trehalose and maltose and w, = O5g-C5g-Co6g-O6g, wy = O5f-C51-
C6f-06f and x¢ = O1f-C1{-C2f-O5f in sucrose

crystal structures are given between parentheses. Comparing
both values, the calculated and experimental ones, it is ob-
served that the geometry that adopts the sucrose, maltose
and trehalose dihydrate-1 in gaseous phase is similar to what
they exhibit on the crystal. For instance, the minimum energy
geometry of sucrose in gas phase is characterized by
intersaccharidic torsion angles /¥ = 107.3°/-46.1° that differ
little from those found in the crystal (+108.3°and -44.7°, re-
spectively). In contrast, in anhydrous trehalose and trehalose
dihydrate-2 (Fig. 2b), ® deviates about 30 degrees from the
value in the respective crystals. Particularly in the case of the
anhydrous form, ® and W differ significantly from the values
reported for the crystal of /¥ = 70,1°/55.1° [46] and &/
¥ = 60.8°/60.1° [47] and from other informed value consid-
ered as a minimum of energy of ®/U = 72.6°/72.6° [48].
However, it is important to take into consideration that the
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Fig. 2. Molecular structures of: a trehalose dihydrate-1 and b trehalose
dihydrate-2

anhydrous structure analyzed herein was obtained by remov-
ing water molecules of the hydrated structure. In addition, the

conformation of lowest energy reported by Nunes et al. was
also taken as the starting conformation for subsequent energy
minimization. Nevertheless, this structure has converged to
another conformer (®/¥ =~ 74.1°/80.0°) that is 1.4 kcal/mol
less stable than that obtained by us.

Regarding to w, w’ and x angles, it is observed that cal-
culated and experimental values differ significantly in the case
of anhydrous trehalose and trehalose dehydrates. However,
these dihedrals adopt geometry similar to the crystal in sucrose
and maltose. With respect to 0 angle, the biggest differences
with respect to crystal values correspond to sucrose and malt-
ose, and it should also be noted its relatively large deviation
with respect to standard (tetrahedral) value, 109.5°.

Differences between the endocyclic oxygen-anomeric car-
bon bond lengths and the exocyclic oxygen-anomeric carbon
bond lengths, are related to stereoelectronic effects and will be
discussed later.

Topological Analysis

In Fig. 3, the molecular graphs of anhydrous and dihydrate
trehalose, maltose and sucrose, are displayed. In Table 2 the
topological parameters calculated at BCPs are listed. The pa-
rameters reported are: the electron density, p(r.), the Laplacian
of the electron density, Vzp(rc), the ellipticity, (€ = A;/A; - 1)
and kinetic energy densities, G(r.), potential energy, V(r.),
and total energy, H(r.) = G(r.) + V(r.). Since in literature it
is well established that there is an almost linear correlation
between the value of density at BCPs and the strength of the

Table 1.  Selected geometric parameters calculated at the B3LYP/6-311++G** level

Anhydrous trehalose’

Trehalose dihydrate-1°

Trehalose dihydrate-2®  Sucrose® f-Maltose®

d(C1-01)/d(C1g-O1)
d(C1’-01)/d(C2£-01)/ d(C1°-01°)
d(05-C1)/d(05g-Clg)
d(05°-C17)/d(O5f-C21)
d(05-C5)/d(05g-C5g)
d(05’-C5”)/d(0O5-C5f)
05-C1-01/05g-C1g-0O1
05’-C1’-01/05f-C2£-01
P

v

Q

w’/wye

Xt

S

0

1.4237 (1.4278)
1.4210 (1.4237)
1.4061 (1.4004)
1.4122 (1.4047)
1.4491 (1.4447)
1.4457 (1.4590)
111.55 (111.42)
110.81 (112.24)
99.9 (70.1)
69.8 (55.1)
-57.7 (-61.0)
60.6 (-63.4)

114.3 (113.0)

1.4154 (1.4156)
1.4229 (1.4271)
14101 (1.4224)
1.4150 (1.4079)
1.4453 (1.4289)
1.4429 (1.4258)
112.1 (112.1)
111.5 (111.3)
80.5 (74.9)
68.9 (61.9)
582 (-75.7)
58.9 (70.0)

115.4 (115.8)

1.4404 (1.4165)
1.4640 (1.4197)
1.4582 (1.4230)
1.4449 (1.4076)
1.5089 (1.4378)
1.4862 (1.4235)
110.7 (111.9)
108.7 (111.3)
106.3 (75.0)
64.5 (61.8)
-58.5(-75.3)
58.1 (69.9)

114.8 (115.7)

1.4129 (1.4286)
1.4492 (1.4357)
1.4160 (1.4147)
1.4083 (1.4093)
1.4518 (1.4452)
1.4572 (1.4545)
111.4 (110.1)
111.4 (110.9)
107.3 (108.3)
-46.1 (-44.7)
-60.5 (-36.5)
-64.2 (-70.1)
175.1 (171.1)
118.3 (113.4)

14237 (1.4144)
1.3951 (1.3898)
1.4087 (1.4036)
1.4204 (1.4182)
1.4459 (1.4338)
1.4380 (1.4230)
1113 (110.7)
108.9 (108.1)
1134 (121.7)
-109.0 (-107.8)
59.0 (59.2)
-61.7 (-62.4)

119.3 (117.9)

Distances are in angstroms and angles are in degrees. Values in parentheses correspond to the structures obtained by X-ray diffraction. The torsional

angles are defined in Fig. 1

*¢ angle of the glycosidic bond

# Database code Cambridge Structural Database (CSD): DEKYEXO1, from [46]

® Database code CSD: TREHALO1, from [30]
¢ Database code CSD: TREHALO03, from [31]
9 Database code CSD: SUCROSO01, from [32]
¢ Database code CSD: MALTOSI1, from [33]
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a

Fig. 3. Molecular graphs: a anhydrous trehalose; b trehalose dihydrate-1; ¢ trehalose dihydrate-2; d sucrose; e maltose. Small red dots indicate bond
critical points (BCP); yellow, ring critical points (RCP); green, cage critical point (CCP)

interaction [49, 50], this criterion is used to compare the
strength of different HBs in the discussion that follows.

In all disaccharides the QTAIM analysis reveals the occur-
rence of BCPs indicating the formation of intramolecular HBs
of O-H:-O and C-H--O type. These HBs lead to the forma-
tion of extra rings in the structure of disaccharides. The p(r.)
ranges from 0.0038 to 0.0372 au, which compares fairly well
with values reported for different HB interactions, in which
this quantity was found to vary from 0.002 to 0.034 au [51].
Similarly, the Vzp(rc) ranges from 0.0138 to 0.1290 au, and it
also compares satisfactorily with previous results that vary
from 0.016 to 0.139 au [51].

In the case of anhydrous trehalose, an intramolecular bi-
functional HB is observed. The O2 atom exhibits a dual be-
havior, acting as proton donor to O6” and as proton acceptor of
C5’. This bifunctional HB leads to the formation of six-
membered (with C6’ and C5’) and eight-membered rings (in-
volving glycosidic oxygen) closed by HBs. In the trehalose
dihydrate-1, a water molecule inserts between the O2 and 06’
and forms an intermolecular bifunctional HB, O7w acts as
proton acceptor of O2 and as proton donor of O6’: O2-
H--(O7w—H)--O6’. The highest values of density are ob-
served at these BCPs (p(r.) = 0.0372 au and p(r.) = 0.0351
au, respectively); furthermore, the potential energy density is
of greater magnitude than the kinetic energy density leading to
negative values of total energy density, and indicating the
greatest strength of these HBs. The O8w of another water

Table 2.  Topological parameters calculated at C-H--*O and O-H--O
BCPs for all disaccharides
pir)  Vp(r) e Gr) W)  H(x)
Anhydrous trehalose
C5’-H--02 0.0132 0.0427 0.1307 0.0094 -0.0081 0.0013
02-H-06 0.0153 0.0489 0.0717 0.0109 -0.0096 0.0013
Trehalose dihydrate 1
C5-H--08w  0.0066 0.0236 0.7825 0.0050 -0.0042  0.0009
C5-H--02 0.0068 0.0202 0.0244 0.0045 -0.0040  0.0005
C3’-H--0O8w  0.0069 0.0226 0.4086 0.0049 -0.0042  0.0007
O4-H-O8w  0.0253 0.0926 0.0986 0.0212 -0.0192  0.0020
O8w—H:-02 0.0296 0.1062  0.0590 0.0252 -0.0239  0.0013
O7w—H-06"  0.0351 0.1167 0.0355 0.0294 -0.0297 -0.0003
02-H--O7w 0.0372  0.1290  0.0540 0.0328 -0.0333 -0.0005
Trehalose dihydrate 2
CI’-H--:O7w  0.0050 0.0178 0.1443 0.0038 -0.0031 0.0007
C5-H--02 0.0126 0.0406 0.1272 0.0089 -0.0077 0.0012
02-H--06’ 0.0158 0.0507 0.0661 0.0113 -0.0099 0.0014
02-H-O8w  0.0297 0.1101  0.0601 0.0260 -0.0245 0.0015
O7w—H:05 0.0303 0.1052 0.0513 0.0254 -0.0244  0.0009
O8w—H:-O7w 0.0308 0.1116 0.0814 0.0266 -0.0253 0.0013
Sucrose
C6g—H--06f  0.0069 0.0255 0.2845 0.0054 -0.0044 0.0010
O3f-H--Olg  0.0195 0.0847 0.6381 0.0187 -0.0162 0.0025
O6f-H:+0O5g  0.0209 0.0738 0.0697 0.0166 -0.0148 0.0018
Ol1f-H--02g  0.0220 0.0797 0.0538 0.0180 -0.0161 0.0019
Maltose
02-H--03 0.0231 0.0871 0.0883 0.0195 -0.0172 0.0023
C6’-H-05 0.0081 0.0246  0.1657 0.0055 -0.0048  0.0007
C6’-H--06 0.0038 0.0138 7.6333 0.0027 -0.0020 0.0007

All quantities are in atomic units. Symbols are explained in the text
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molecule is tetra-coordinate and forms a net of interconnected
HBs, O8w-H:-02, C5’-H:-O8w, C3’-H::O8w and O4’-
H-+O8w. Besides, the intramolecular HB, C5’-H:--O2 found
in the anhydrous form also occurs in this hydrate, although the
density is partitioned between the C5’-H:---O8w
(p(re) = 0.0066 au) and C5’-H--02 (p(r.) = 0.0068 au) HBs.
In trehalose dihydrate-2, the two water molecules are bonded
together by HB, O7w+--H-O8w and simultaneously form the
HBs, CI’-H-*O7w—H-05 and 02’-H--O8w with trehalose
molecule. Again, the intramolecular C5’-H---O2 HBs, which
was found both in the anhydrous and the dihydrate-1 form,
occur in this hydrate, as well as it does the HB O2-H--06¢’,
although in the dihydrate-1 a water molecule is acting as a
bridge between O2 and O6°. It is also important to note that
the glycosidic oxygen is not involved in HBs in any of the
forms of trehalose.

Sucrose is the only case in which the exocyclic oxygen
participates in a HB, in the same way it is the disaccharide
with the greatest number of intramolecular HBs. These HBs
give rise to formation of four rings and their associated RCPs
(see Fig. 3d). One is a bifunctional HB, C6g—H---O6f—
H--O5g, in which the O6f oxygen acts as proton donor to
O5g oxygen and as acceptor to C6g. The other two HBs,
despite being of O—H:-O type, have relatively low density
values: 0.022 au and 0.0195 au for O1f~H--O2g and O3f-
H-+Olg HBs respectively. It is important to note that O6f—
H-+O5g and O1f-H--O2g HBs are the same ones that have
been observed in the crystalline sucrose [32] although QTAIM
analysis reveals a more complex structure of intramolecular
HBs. Something similar occurs in maltose. The crystalline (-
maltose [33] forms one intramolecular HB O2-H---O3’, while
our gaseous phase calculations reveal a relatively strong HB,
02-H---03” (p(r,) = 0.0231 au) and a bifurcated HB,
05--H(—C6’)-:06. The bifurcated HB consists of two C—
H:-:O nonconventional HBs, one involving the endocyclic
oxygen, C6’-H:-O5 (p(r.) = 0.0081 au) and another one
which is extremely weak, C6’—H-+-06, as it is reflected in a
very low density value (p(r.) = 0.0038 au), high value of
ellipticity (¢ = 7.63) and the short distance between the BCP
and the RCPs next to it (see Fig. 3e). These characteristics
have been associated by Bader [28] with a bond that is close
to a formation or destruction process (catastrophe points).

NBO analysis

Table 3 shows the results of the NBO analysis related to the
formation of HBs. Occupation numbers for the o(O-H)*,
0(C-H)* antibonds, occupation numbers for oxygen lone
pairs, nlp and the second-order perturbation energies E (do-
nor — acceptor) that involve these orbitals are listed. It can be
seen that the hyperconjugative charge transfer interactions
(HCTI) related to the formation of the C—H---O HBs are small-
er (in some cases negligibly) than the ones corresponding to

@ Springer

Table3. NBO analysis of hydrogen bonds: occupation numbers for the
0p_41/0c_y antibonds and ny, lone pairs, and the second-order
perturbation energies E* (donor — acceptor: =04 /e )

E* (Ip0 — o) np, o
Anhydrous Trehalose
1Ip(06”) — o' (02-H) 2.70 1.9544  0.0164
Ip(02) — o' (C5°-H) 1.04 19502  0.0374
Trehalose dihydrate 1
Ip(02) — o (C5°-H) 0.66 1.9470  0.0369
1p(02) — o (08w-H) 532 0.0243
1p(06”) — ¢ (07w-H) 12.64 1.9421 0.0329
1Ip(08w) — o (C3’-H) 0.23 19782 0.0387
1Ip(08w) — o (C5’—H) 0.28 0.0369
1p(08w) — " (O4’-H) 8.61 0.0249
Ip(0O7w) — o (02-H) 16.62 1.9627  0.0382
Trehalose dihydrate 2
Ip(07w) — o (C1’-H) 0.35 1.9943 0.0313
Ip(02) — o (C5°-H) 0.90 1.9498  0.0373
Ip(06>) — ¢ (02-H) 2.99 19539  0.0175
Ip(08w) — o (02’-H) 10.98 19750  0.0260
Ip(05) — o (07w—H) 4.84 1.9140  0.0270
Ip(07w) — o (O8w—H) 11.37 19726 0.0243
Sucrose
1p(06f) — o (06g-H) - 1.9505 0.0239
Ip(05g) — o (O6£-H) 2.780 1.9079  0.0235
1p(02g) — " (O1£-H) 3230 1.9535 0.0196
1p(01g) — ¢ (O3f-H) 1.260 1.8981 0.0127
Maltose
1p(03’) — ¢"(02-H) 485 19539  0.0262
1p(05) — ¢ (C6—H) - 1.9063 0.0207
1p(06) — ¢ (C6—H) - 1.9540  0.0207

the O—H-*O HBs, indicating that the HCTI do not play an
important role in the formation of these weak C—H:-O HBs.

In line with the QTAIM analysis, in trehalose dihydrate 1, two
strong HICT are observed, both of them involving water mole-
cules that bind to O2 and 06’ (Ip(O7w) — o (02—
H) = 16.62 kcal/mol and Ip(06”) — o (O7w—H) = 12.64 kcal/
mol). Similarly, in trehalose dihydrate 2, the strongest HICT are
those which are related to intermolecular HBs with water
(Ip(O8w) — 0 (02’-H) = 10.98 kcal/mol and Ip(O7w) —
o (08w— H) = 11.37 keal/mol).

In sucrose, these HICT are less important than in the dihydrate
trehaloses, though stronger than in the anhydrous trehalose.
Finally, in maltose, the only HICT observed is related to HB,
02-H-+03’, (Ip(03’) — o (02-H) = 4.85 kcal/mol.

Anomeric and exo-anomeric Effects by NBO analysis The
anomeric effect was initially defined [52] as the preference for
an electronegative substituent at the anomeric carbon in a
carbohydrate, to be in an axial rather than equatorial
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orientation, in contrast to the expected based on steric interac-
tions. This effect is now considered to be a special case of a
general preference (the generalized anomeric effect) for syn-
clinal (gauche) conformations about the bond C-Y in the sys-
tems X—C—Y-C in which X and Y are heteroatoms having
nonbonding electron pairs. According to the stereoelectronic
model, this preference has its origin in a stabilizing interaction
(hyperconjugative delocalization) between a nonbonding
electron pair on the heteroatom (the endocyclic oxygen in a
sugar ring) and the antibonding orbital, o*, for the (exocyclic)
C-X bond, which is possible only in the axial direction.
Delocalization is expected to result in the lengthening of the
exocyclic C—O bond, a concomitant shortening of the
endocyclic C—O bond and opening of the O—C—-O bond angle
with respect to “standard” (tetrahedral) values due to the re-
duced and enhanced p-character of the endocyclic and exocy-
clic C-0 bonds, respectively.

In alkyl glycopyranosides the anomeric effect operates at two
sites, along the endocyclic C1-O bond (endo-anomeric effect)
and along the exocyclic C1-O bond (exo-anomeric effect).

In Table 4, the hyperconjugative interactions of charge transfer
(HICT) related to these effects in the three disaccharides are re-
ported. It can be seen that in the anhydrous trehalose, as expected,
the HICT Ip(O1) — o (C1-05) and Ip(O1) — o (C1’-05")
related to the exo-anomeric effect, are of almost same magnitude
and the two HICT, Ip(O5) — ¢ (C1-O1) and Ip(05") — ¢ (C1’—
0O1) related to endo-anomeric effect differ relatively little, 1.6 kcal/
mol. The total exo-anomeric effect (25 kcal/mol) is virtually offset
by total endo-anomeric effect (25.6 kcal/mol). As a result, C1—
01/C1’-0O1 bond distances are similar to C1-O5/C1°-0O5". The
same occurs in trehalose dihydrate-1, while in dihydrate-2 the
exo-anomeric effect is 7 kcal/mol greater than the endo-
anomeric effect, and C1-O1 and C1°-O1 bond distances are
shorter than C1-O5 and C1°-O5’ respectively. These results also
show that the stabilization due to delocalization of electronic
charge in the dihydrate-1 is higher than in dihydrate-2 and it is
in line with the HF energies for these hydrates. In sucrose, the total
endo-anomeric effect is 8 kcal/mol greater than the total exo-
anomeric effect. The exo-anomeric effect towards fructose ring
is about 5 kcal/mol lower than towards glucose ring, while the
energy corresponding to HICT, Ip(O5f) — o (C2f-Olg) is the
highest of all (16.27 kcal/mol). Thus, it can be seen in Table 1 that
in fructose ring O5f-C2f bond is shorter than O1-C2f one while
in glucose ring the differences in the bond distances O1-C1 and
05-CI1 agree well what is expected for the exo-anomeric effect.
Maltose also exhibits two exo-anomeric effects, one involving
exocyclic oxygen, Ip(O1) — o (C1-05) and another one involv-
ing oxygen O1”, Ip(O1”) — ¢ (C1°~05"). On the other hand, as
expected considering that the glycosidic linkage in the maltose is
(1 — 4), it exhibits a unique endo-anomeric effect, Ip(O5) —
0 (C1-01), 1.8 Kcal greater than the corresponding exo-
anomeric. This HICT causes a shortening of the O5—C1 bond
and a lengthening of the C1-O1 bond (see Table 1).

Table 4. NBO analysis: occupation numbers for the o_, antibonds
and ny, lone pairs, and the second-order perturbation energies E?
(donor — acceptor) corresponding to 1,—0-_, HICTs

E*(IpO—0c) o

Anhydrous Trehalose

Ip(01) — ¢ (C1’-05") 12.31 1.8894 0.0556

Ip(01) — ¢ (C1-05) 12.24 0.0523

Ip(05) — ¢ (C1-01) 13.61 1.9047 0.0657

Ip(05") — ¢ (C1’-01) 11.99 1.9085 0.0616
Trehalose dihydrate 1

Ip(01) — ¢ (C1-05") 13.09 1.8877 0.0548

Ip(01) — ¢ (C1-05) 11.95 0.0546

1p(035) — ¢ (C1-01) 12.84 1.9065 0.0630

1Ip(05”) — ¢ (C1’-01) 11.69 1.9098 0.0616
Trehalose dihydrate 2

Ip(01) — o' (C1’-05) 14.60 1.8780 0.0645

Ip(01) — ¢ (C1-05) 12.35 0.0557

1p(05) — ¢ (C1-01) 8.51 1.9140 0.0541

1p(05%) — ¢"(C1-0O1) 11.67 1.9104 0.0610
Sucrose

Ip(01g) — o' (Clg-05g) 12.10 1.8981 0.0570

Ip(01g) — o' (C2f-05f) 6.83 0.0533

Ip(05f) — ¢"(C2£-Olg) 16.27 1.8923 0.0923

Ip(05g) — ¢ (Clg-0Olg) 11.19 1.9079 0.0611
Maltose

Ip(01) — ¢ (C1-05) 10.95 1.9027 0.0534

Ip(01’) — o' (C1’-05) 13.44 19314 0.0593

1p(035) — ¢ (C1-01) 12.76 1.9063 0.0628

Molecular Dynamics
Structural analysis

The conformational mobility of the three disaccharides in so-
lution was studied by observing the time variation of the main
torsion angles, ®, ¥, w, w’ and xf, described in
Section Quantum Mechanics Calculations. Plots of the trajec-
tories and statistical analysis are shown in Figs. 4a—i and in
Table 5, respectively.

It can be seen that in trehalose ¢ and W average dihedrals
are identical (Fig. 4a), and so are w and w’ (Figs. 4d, g),
consistent with the high symmetry of trehalose. The values
of these torsion angles agree well with the experimental data
which provide validation for the force field and the simula-
tion methodology employed. The high percentage of occu-
pancy and relatively low standard deviation, observed in ®
and W torsion angles, show the rigidity of trehalose around
glycosidic linkage. This rigidity is also observed in vacuum
(Fig. 4a) as these dihedrals take values close to the ones
found in solution.

@ Springer
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Fig. 4. Variations of dihedral angles along the MD trajectories: W vs. ®
in vacuum (red) and in aqueous solution (black) of a Trehalose, b Sucrose
and ¢ Maltose. Small blue stars indicate the crystal structure values. w

In sucrose, however, important fluctuations are observed
taking ® and ¥ other values rather than those reported in
the crystalline state (® = 108.3° and ¥ = -44.7°). Dihedral
® increases to an average value of 117° while ¥ takes a
positive value of 20.9°. ¥ also adopts a value very close
to the one in the crystal (-43.6°) in several instances along
the trajectory with an occupancy of 12.4%. This result
indicates that sucrose is less rigid than trehalose and is
consistent with the reported one by Choi et al. [53]
who, when comparing the time-correlation functions for
collected motions of glycosidic linkage of different sugars,
found that the dynamic motion occurs more slowly in
trehalose than in the other sugars in aqueous solution. In
contrast, values from MD in vacuum for ¢ are similar to
the crystal ones (115.8° and occupancy of 80.9%) while ¥
exhibits much more mobility.

Maltose shows a similar behavior to the trehalose one,
with high-occupancy percentages of ® and W dihedrals
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angles of d trehalose, e sucrose and f maltose; and w’ angles of g
trehalose; h sucrose; i maltose

(95.1 and 95.8% respectively) but taking a completely dif-
ferent conformation from the one observed in the crystal. ®
dihedral (57.8°) adopts a gauche conformation, while in the
crystal structure it is of 121.7° [33]. Besides, ¥ dihedral
adopts a positive anticlinal conformation (126.4°), while in
the crystal structure this value is -107.7°. Analyzing the
trajectories of ® and W dihedrals, it can be observed that
maltose adopts the crystal like structure in two small pe-
riods of the simulation time. The average values adopted
are 116.4° (occupancy 3.3%) and -125° (occupancy 2.6%)
respectively. This situation, as we shall see, occurs when
the HB O2-H:--O3’ is formed. In contrast to ® and ¥
dihedrals, as shown in Fig. 4d—i. w and w’ are not so
affected by the solvent.

Summarizing, results from MD in vacuum and solution
show that solvent practically does not perturb the trehalose
structure. Contrarily, structures of maltose and sucrose are
significantly affected.
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Table 5.  Statistics of geometrical values calculated along the 25 ns of

MD

Angle Statistics Trehalose Sucrose Maltose

[ Average 62.0 117.0 57.8
% occupied 99.5 65.6 95.1
Std. Dev. 10.2 19.1 10.0

4 Average 62.1 20.9 126.4
% occupied 99.4 65.5 95.8
Std. Dev. 10.3 12.7 8.0

w Average 65.8 63.5 -63.2
% occupied 65.2 71.8 64.6
Std. Dev. 11.5 12.7 10.6

w’ Average 65.8 67.9 -63.7
% occupied 66.2 50.6 81.5
Std. Dev. 11.8 11.4 9.7

x’ ' Average 58.7
% occupied 99.4
Std. Dev. 11.6

0 Average 1153 119.7 118.1
Std. Dev. 35 32 33

Radial Distribution Functions

In order to obtain the degree of solvation of disaccharides in
infinitely dilute aqueous solutions, the radial distribution func-
tions (RDFs) between oxygen atoms of the sugars and the
water molecules were calculated. Besides, the coordination
numbers derived from RDF, taking a coordination radius of

05 05'
St -
0 + t + + + +
06
1,5¢
o
0,5]
0
01
1,5F i
<, —— Sucrose
” —— Maltose
0,5k 4
—— Trehalose
05 5 7 3 8

Fig. 5. Comparison of the radial distribution functions of the water
oxygen atoms around five different oxygen atoms of disaccharides

Table 6. Number of water molecules in the first shell around the sugar
oxygens (Og) by integrating the Os—O,, radial distribution function to
345 A

Trehalose Sucrose Maltose

Oxygen Number Oxygen Number Oxygen Number
1 0.46 lg 0.62 1 0.82
2 3.08 2g 2.87 2 3.42
3 3.27 3g 3.51 3 3.46
4 3.02 4g 3.06 4 3.07
5 1.47 5g 1.29 5 1.52
6 3.38 6g 3.30 6 3.35
2 3.07 1f 2.99 Iy 3.69
3 3.28 3f 2.26 2/ 3.49
4 3.01 4f 293 3 2.85
5 1.47 5f 1.17 5! 1.90
6 3.38 6f 3.04 6' 3.04
TOTAL  28.89 TOTAL 27.04 TOTAL  30.61

3.45 A, were obtained. Figure 5, shows the RDFs of the most
significant oxygen atoms, O1, 05, 05°, 06 and O6’. In
Table 6 the hydration numbers are reported.

06 and O6’ oxygen atoms exhibit a typical hydrophilic hy-
dration with small differences between the three disaccharides.
The RDFs around these oxygens show a well-defined sharp first
peak centered at 2.8 A with peaks densities that range between
1.5 and 1.8, and a minimum at 3.45 A. According to the results of
Table 6, trehalose possesses a coordination number slightly great-
er than sucrose and maltose on these oxygen atoms. The
endocyclic oxygens are poorly hydrated as can be inferred from
the small peak of the first hydration shell, being maltose the one
with the greatest number of hydration, of practically two water
molecules, against one in trehalose and sucrose. Regarding gly-
cosidic oxygen, an almost null hydration is observed in trehalose
and sucrose, while maltose, probably due to its more open struc-
ture, presents a value nearing 1.

Comparing the total numbers of water molecules in the first
hydration shell reported in Table 6, it can be seen that the
degree of hydration increases in the order, sucrose <trehalose
< maltose, although the differences are rather small. In the
literature there is a wide range of values, experimental and
theoretical ones, for this parameter [53—55]. The data reported
here are in good agreement with those reported by Engelsen

Table 7. Time-averaged number of intermolecular hydrogen bonds
between water molecules and disaccharides

Disaccharide O-H--O C-H--O Total Number
Trehalose 17.36 12.44 29.80
Maltose 16.51 10.40 2691
Sucrose 13.64 9.82 23.46
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et al. [56] However, as it is pointed out by these authors,
simulations are not able to contrast the hydration numbers of
trehalose and sucrose.

Intermolecular HBs

Sugar-water interactions have been extensively studied, includ-
ing different experimental techniques, MD simulations and over
a wide range of concentrations and temperatures [26, 55-61].
However, in these studies, little or no attention has been given to
the HBs of C-H--O type, despite as it has been shown, these HBs
are of great importance in biological systems in which sugars
exert their protective role. In this work, in addition to conven-
tional O-H--O, the C-H--*O HBs were also examined. Both types
of HBs were evaluated using a geometric criterion, which is
based on the distance between the donor and the acceptor oxy-
gen, and the angle formed by the donor atom, the acceptor hy-
drogen and the acceptor oxygen. The cutoff distance between
donor and acceptor atoms was set to 3.4 A and the cutoff for the
angle was set to 120°. Table 7 shows the number of HBs, and
Figs. 6 and 7 show the average lifetime and % occupancy of O-
H--O and C-H--O HBs respectively. Comparing the results ob-
tained for the three disaccharides, it can be seen in Table 7 that
trehalose forms the highest total number of HBs with water, but
the lowest occupancy percentage and average lifetime. These
facts indicate that trehalose also forms the weakest HBs.

The second smallest number of intermolecular HBs, but an
occupancy percentage higher than the other disaccharides, is
observed for maltose. Sucrose forms the lowest number of

20
1.8 4
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1.4 4
1.2 4
1.0 1
0.8
0.6 -
0.4
0.2
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W Trehalosa W Maltosa

Fig. 6. Average lifetimes and % of occupancy of O-H:+-O HBs for each
O atom
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HBs, with occupancy similar to the trehalose one and a mean
lifetime higher but very similar to maltose.

Intramolecular HBs

As was discussed in section Quantum Mechanics
Calculations, in the gas phase trehalose forms a bifunctional
intramolecular C-H--*O HB. Thus we consider that it is impor-
tant to explore intramolecular HBs in aqueous solutions. The
distances between oxygen atoms of disaccharides that could
be involved in an intramolecular HB, particularly those found
in DFT results, were calculated and plotted as a function of the
simulation time. The results are shown in Fig. 8. In addition, a
more rigorous analysis is accomplished in terms of QTAIM
theory. For each system, a minimum potential energy structure
was extracted from the production MD simulations and all
water molecules in a radius greater than 5 A were removed.
With each structure, a wave function at B3LYP/6-31G* level
was generated with Gaussian 03 [36], without optimization.
The electron charge density was analyzed with the Multiwfn
[39] program, and the molecular graphs are shown in Fig. 9.

When considering the distances between 02/02° and 06’/
06 oxygen atoms within a trehalose molecule they do not
reach a value consistent with the formation of an HB at any
point during the simulation. Conrad et al. [62] have suggested
that trehalose has a tendency to form a HB between 02/06
and 06°/02’ hydroxyls, especially at concentrated solutions
(higher than 50%). In this research, as a result of the high
dilution state, a notable mobility of hydroxymethyl groups
has been obtained, and thus avoiding the formation of stable
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Fig.7 Average lifetimes and % of occupancy of C-H--*O HBs for each C
atom
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Fig. 8. Trajectories of the main

O/C--0 distances corresponding
to the intramolecular HBs.
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HB between these atoms. From the topological analysis, two
water molecules have been found to occupy locations nearly
identical to those in the dihydrate structures. A water molecule
connects O2 and 04’ atoms (Fig. 9a, see also Fig. 3b in static
study as a reference) through a water bridge: O2:-H-Ow-
H---O4’. Whereas in the crystal structure O4’ acts a proton
donor: O2:-H-Ow:--H-O4’. The second water molecule
adopts the same position than that found in the dihydrate-2.
That is, the water molecule forms a bifunctional HB by acting
as a proton donor in a conventional Ow-H:--O HB and, simul-
taneously, as a proton acceptor in a, C-H-+Ow HB: O5-H-
Ow--H-C1’. In addition, this water molecule is also involved
in a bifurcated HB as a double proton donor, to the O5 and O6
oxygens. This communion between static and dynamic study
could support the water entrapment hypothesis, which estab-
lishes that sugars concentrate residual water molecules close
to the biostructure, thereby preserving to a large extent its
solvation and native properties [63—65].

On the other hand, the intramolecular C5°-H---O2 HB,
which was found in the static study, has been also found in
dilute solution (see Fig. 9a), however, the value of the density
at BCP is slightly lower (p(r.) = 0.0049 au) than the value
obtained by DFT calculation for the dihydrate forms
(dihydrate 1, p(r.) = 0.0068 au and dihydrate 2
p(re) = 0.0126 au) and for the anhydrous trehalose
(p(r.) = 0.0132 au). It is important to note that no previous
study has reported this intramolecular HB of trehalose in so-
lution, and, to our opinion, it is very important as it would act
as a folding mediator of trehalose against water scarcity.

Figure 8a—c shows the Olg:-O3f, O1f---O2g and
O5g:-06f distances, respectively, of oxygen atoms within a

10 15 20 25 0 5 10 15 20 25
Time (ns) Time (ns)

sucrose molecule. The trace associated with the interaction
between the O3fand Olg, fluctuates around a distance smaller
than 3 A along the simulation. Even though this fact would
indicate the occurrence of an HB, in the QTAIM analysis, a
CP between these atoms has not been found (see the
molecular graph of Fig. 9b), so that the interatomic distance
O3f and Olg is fixed by the geometry of the molecule. The
O1f--02g distance also reaches values lower than 3 A along
the entire simulation, although it fluctuates between 3 and 4 A.
This is consistent with the formation of the O2g-H:~-O1f HB
(See Fig. 9b). The interaction between these two O atoms is
also found in the crystal structure but with a reverse direction,
as was previously shown by Immel and Lichtenhaler [66].
However, they found that a water molecule disrupts this HB
by forming a water bridge. Results from MD in vacuum give
evidence of the same intramolecular HB, being the occupancy
for O2g-H-*O1fand O1f-H:-O2g HBs for about 76 and 13%,
respectively. Regarding O5g:-O6f distance; in Fig. 8c, it can
be observed that although it reaches a value consistent with
the formation of a HB at several points during the simulation,
large fluctuations indicate that this HB is not stable. These
results agree with the mobility about the glycosidic linkage
observed for sucrose, a fact that prevents to form stable HBs
for long times. In the molecular graph of Fig. 9b, several
interactions, as a consequence of the changes around the gly-
cosidic linkage, can be seen. In contrast to results previously
reported [66] which stated that all intramolecular HBs are
disintegrated in solution, in this study (anticlinal positive
® =104.3°, ¥ =-0.7°) the following HBs and its correspond-
ing values of p(r.): O2g-H:~-O1f (0.02804 au), Clg-H--O5f
(0.021608 au), C4f-H---O5g (0.008722 au), C6f—H:--O5g
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Fig. 9. Molecular graphs obtained from the MD simulations. Green
circles indicate the intramolecular HBs a trehalose, b sucrose and ¢
maltose

(0.007836 au) and C6f~H--H-Clg (0.007112 au) are ob-
served. These results show the potential of QTAIM method-
ology to establish whether or not a bonding interaction occurs.

Finally, in Fig. 8d, the trajectory of the distance O2:-:O3’,
within a molecule of maltose, and in Fig. 9c, the molecular
graph of the maltose in solution are shown. In Fig. 8d, it can be
seen that the HB O2-H:-O3’ is formed just in some instances
of'the trajectory, which corresponds to a transition of the struc-
ture that is close to the crystal one. However, it seems that this
conformation is not the preferable one in dilute aqueous solu-
tion. In the molecular graph of Fig. 9c, which corresponds to
the most stable structure, two intramolecular HBs are ob-
served: C1-H--03” (p(r.) = 0.01217 au) and C5-H:--06’
(p(r.) = 0.006759). They present values that agree well with
this type of HB, and they show again the relevance of C-H:--O
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HBs since maltose prefers this configuration unlike the one
found in the crystal which has stronger interactions.

Conclusions

Trehalose, sucrose and maltose in gaseous phase and infinitely
dilute aqueous solution have been comparatively studied by
electronic structure calculations and molecular dynamic sim-
ulations. A detailed analysis of HB interactions was carried
out using QTAIM on wave functions obtained at B3LYP/6-
311++G**. By using this technique in the gas phase, it has
been found that the sucrose forms more intramolecular HBs
than trehalose and maltose. In anhydrous and dihydrates tre-
halose a single internal HB, C-H--O is found. It would support
the hypothesis of Conrad and de Pablo [62], who have sug-
gested that the trehalose tends to fold over itself through HB
when the presence of water molecules becomes scarce. We
consider that this C-H--O, HB acts as a regulator of this fold-
ing. In the absence of water, the trehalose is folded and adopts
a clam shell type conformation as observed in the crystal.

From MD simulation results, it has been seen that trehalose
in aqueous solution has a greater conformational rigidity than
sucrose and maltose concerning the glycosidic bond.
Moreover, this bond is protected by an internal bifunctional
HB.

It has also been observed that trehalose forms more HBs
with water, both O-H-+O type and C-H--O type. While occu-
pancy and mean lifetime data indicate that these bonds are
more labile, that is, they are formed and they break more
rapidly than the other sugars. We think that this rapid ex-
change of HBs with surroundings water molecules prevents
water molecules from reaching the degree of coordination
typical of ice, i.e. four HBs per water molecule delaying ice
formation.
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