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Abstract

The adiabatic potential energy surfaces (PES) of two trisaccharides (B-cellotriose and a-maltotriose) were obtained using the
MM3 force field. Each PES can be described by a single 3D contour map for which the energy is plotted against the two
glycosidic angles. Given the usually small variations of the ¢ glycosidic torsional angle in the low-energy regions of disaccharide
maps (at least with MM3), it is valid to leave both ¢ glycosidic angles to relax in the process of building the conformational map
of trisaccharides. The surfaces are those expected from the map of disaccharides containing the same linkages and monosaccharide
units (i.e., B-cellobiose and o-maltose), with second-order factors altering the ‘symmetry’ of both linkages. A large low-energy
region appears for B-cellotriose, comprising four minima in close proximity, with barriers between them below 0.6 kcal/mol. On
the other hand, for a-maltotriose a main global minimum is observed, with several surrounding local minima. The surfaces
obtained agree with single-crystal X-ray data on these trisaccharides and derivatives. A reduction of the linkage flexibilities is
observed when passing from the disaccharides to the trisaccharides. Furthermore, the linkage closer to the reducing end appears

to be less flexible than the linkage closer to the non-reducing end. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Conformational analysis of disaccharides is usually ac-
companied by the generation of a Ramachandran-like
3D contour map as a tool in understanding their con-
formational features.!”® In these maps the energy is
determined for all mutual orientations of the monosac-
charide residues, expressed by the glycosidic angles ¢
and . Maltose and cellobiose received the most atten-
tion, as typical structures of disaccharides that might be
extrapolated to polysaccharides. The early rigid residue
analysis was replaced by flexible residue analysis by the
pioneering work of Melberg and Rasmussen.*® After
the introductory work of Tvaro$ka and Pérez,° the
relaxed energy maps of maltose and cellobiose were
fully described.””!® With the appearance of the Mm3
force-field, which is considered very reliable for carbo-
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hydrates, the maps for those disaccharides were ob-
tained,>'"~'* and the methodology to acquire the maps
was established. Several attempts to correlate the calcu-
lated structures for maltose and cellobiose with experi-
mental parameters in solution, like optical rotations
and NOE calculations have been carried out.!*"!* More
recently, DFT/ab initio calculations were carried out
for maltose,?® and the AMBER force-field parameters
were modified to reproduce those results.?!

In the several extrapolations to higher oligosaccha-
rides that have been made,>~2¢ usually each glycosidic
linkage was taken independently, giving rise to one ¢, ¥/
contour map per glycosidic linkage. We have recently
shown?” that, as usually the ¢ glycosidic angle takes a
more or less fixed value (at least with MM3), it can be
added to the variables to relax, and thus, a clear
correlation is found for the contour maps with the
energy related to ¢ and ¥, and to x—y plots with the
energy just related to 1/.2” Herein we present the possi-
bility of extending those plots for disaccharides relating
E versus y to depict the potential energy surfaces of
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trisaccharides in the way of a contour map in which the
energy is plotted as a function of both ¥ glycosidic
angles. The method is herein applied to the most typical
homologous trisaccharides, i.e., cellotriose (f anomer)
and maltotriose (o anomer). Although we are showing
the results obtained using MMm3, this procedure can be
used with any potential energy function which leaves
the ¢ angle more or less fixed in the low-energy regions.

2. Methods

The molecular mechanics program Mm3(92) (QCPE,
Indiana University, USA), developed by Allinger and
co-workers, was used,?®?° but the MM3 routines were
modified as suggested®® by changing the maximum
atomic movement from 0.25 to 0.10 A. A dielectric
constant of 4.0 was used throughout all the work in
order to compare with published data.'’!'?> Minimiza-
tion was carried out by the block diagonal Newton—
Raphson procedure for grid points and using the
full-matrix procedure for minima. The dihedrals ¢ and
Y for maltose and cellobiose are defined by atoms
0-5-C-1-0-1-C-4 and C-5-C-4-O-1-C-1’, respec-
tively, while ¢ and ™ are defined by atoms H-1'-C-
1'-0-1'-C-4 and H-4-C-4-O-1-C-1’, respectively. For
maltotriose and cellotriose, the monosaccharides that
make up the trisaccharides are numbered starting from
the reducing end, and the glycosidic torsional angles are
named as follows:

¢, _,, defined by atoms O-5-C-1-O-1-C-4, ¥, _,,, by
atoms C-5-C-4-O-1-C-1’,

¢ | by atoms H-1'-C-1-O-1'-C-4, /i |, by atoms
H-4-C-4-0-1-C-1/,

¢5_, by atoms O-5"-C-1"-O-1"-C-4', 5 _,,, by atoms
C-5-C-4-0-1"-C-1",

¢, by atoms H-1"-C-1"-O-1"-C-4’, and ¢! ,, by
atoms H-4'-C-4'-0O-1"-C-1".

The orientation of the hydroxyl hydrogen atoms is
indicated by y,, defined by the atoms H-n—-C-n-O-
n—H(O)-n, while y is defined by the atoms C-5-C-6-O-
6-H(O)-6, and w by the atoms O-5-C-5-C-6-0-6,
singly- or doubleprimed when necessary. Their values
are described by a one-letter code:*! S for angles be-
tween — 30 and + 30°, g for 30-80°, T for angles with
absolute value larger than 150°, and G for angles
between — 30 and — 80°. Free energies were calculated
from the vibrational analysis of the minima, with no
special treatment for the low-frequency vibrations:*
i.e., the effect of frequencies equal or lower than 20
cm ! was added to the MM3 output values of vibra-
tional enthalpies and entropies. Coordinates of crys-
talline compounds studied by X-ray diffraction were
obtained from the Cambridge Structural Database.?-3

2.1. Generation of disaccharide maps

The maps were generated following the general proce-
dure already described.?>3¢ The starting orientations of
the secondary hydroxyl and hydroxymethyl groups
were taken from those yielding at least one grid point in
the 8 kcal map reported by Dowd and co-workers'!!
From these orientations (six for B-cellobiose!? and 11
for a-maltose!!), low-energy conformers were generated
in different regions of the ¢, y space, varying also the
primary hydroxyl torsion angles. These conformers
were the starting points for the generation of the maps.
For B-cellobiose, 28 different conformers were used,
corresponding to 16 unique exocyclic angle orienta-
tions. For a-maltose, 45 different minima were utilized,
with 26 unique orientations of exocyclic angles. To
generate the maps, the angles ¢ and i were varied
using a 20° grid, using the dihedral driver 2 (sequential)
for all the conformers, and the dihedral driver 4 (from
the initial structure) for each of the unique orientation
of exocyclic angles. The angle y was varied fully (0-
340°), while ¢ was varied in the low-energy region
(160—360° for B-cellobiose, and 20—200° for a-maltose),
according to the published data.'!"'> At each point,
energies were calculated after minimization with re-
straints for these two angles, but allowing the other
variables to relax. The optimization was terminated
when the decrease in energy converged to a value lower
than 2 cal/mol. By recording only the lowest energy
values for each ¢, iy combination, conformational adia-
batic maps, or energy surfaces as function of ¢ and ¥
angles were produced. For cellobiose, a separate calcu-
lation for the side-of-the-map minimum-energy region'?
was carried out using nine starting structures in that
area.!?

The same starting points and procedure were carried
out to produce the 2D plots: in those cases, only the
angle was restrained, and the 2D conformational adia-
batic plots as function of the i angle were obtained.?’

2.2. Generation of trisaccharide minima

Different starting orientations of the hydroxyl and hy-
droxymethyl groups were tested using the conformers
that yielded at least one low-energy grid point in the
disaccharide maps: for the reducing and non-reducing
ends (monosaccharides I and III), the orientations ob-
tained for the reducing and non-reducing ends of the
equivalent disaccharides were used, respectively. For
monosaccharide II, both the orientations occurring at
the reducing and non-reducing end of the disaccharide
were used. In this way, for B-cellotriose, 256 different
orientations of the exocyclic groups were tested (8 for
monosaccharide I, 8 for monosaccharide II, and 4 for
monosaccharide III), while for a-maltotriose, 324 dif-
ferent orientations appeared (4 x 9 x9). In an auto-
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mated fashion, unrestrained Mm3 full-matrix calcula-
tions were carried out for points starting at each of
those orientations, each one at a different combination
of the ¢,y angles (in either of both linkages) which
gives rise to a minimum in the disaccharide maps (three
for cellobiose and four for maltose). Thus, for cel-
lotriose, 2304 structures were tested (256 x 3 x 3), while
for maltotriose, 5184 structures were tested (256 x 4 x
4). The output was cleaned up for repetitions, struc-
tures with negative or zero eigenvalues, etc., and finally
for each minimum, only those orientations with an
energy up to 1 kcal above the lowest in that ¥, , /5,
region (or higher than that value, but with a very low
free energy) were left. In this way, for B-cellotriose, 144
different conformers were found, corresponding to 68
unique orientations of the exocyclic groups. On the
other hand, for a-maltotriose, 259 different conformers
were generated, related to 157 unique orientations of
the exocyclic groups.

2.3. Generation of trisaccharide maps

The maps were generated as already described for the
disaccharides. Both the dihedral drivers 2 and 4 were
used: the first one for all the conformers, and the
second one for each unique orientation of exocyclic
angles. The angles ¥,_,; and 5 _, were fully varied
using a 20° grid. At each point, energies were calculated
after minimization with restraints for these two angles
but allowing the other variables to relax. The optimiza-
tion was terminated when the decrease in energy con-
verged to a value lower than 2 cal/mol. The
conformational adiabatic maps, or energy surfaces as
function of both i angles were produced. In order to
recalculate the surface in the region where the main
minima appear (both i between ca. 170 and 270°), the
starting points that yielded low-energy grid points in
this region (73 minima related to 44 unique conforma-
tions for cellotriose, 65 minima related to 44 unique
conformations for maltotriose) were submitted to calcu-
lations using the same procedure described above, but
with a 5° grid.

2.4. Flexibility measurements

The absolute flexibilities for di- and trisaccharides were
calculated as described previously.>>*%37 First, the ener-
gies and geometries of the transition states between
minimum energy regions were calculated: they were first
estimated from the walk within the adiabatic maps, and
then determined by a full-matrix analysis, confirming
that only one negative eigenvalue appeared. When
more than one transition state was present in the same
region that with lower energy was considered. Then, the
absolute flexibility @ was calculated as:

n e E;/RT
Qp(}] 421 n
i= _ E./RT
e k
kgl
P
m N /ZI |HIJ - H/s f|
—(E;— Eyy)/RT =
X € J em X\—
2 )X\ %3600

where E,,, is the energy of the global minimum, 7 is the
number of minima (indexes i and k), m the number of
transition states (index j ) surrounding minimum i, p is
the number of dihedral angles # been monitored (index
[), measured in degrees, R is the universal gas constant,
and T the temperature (set to 25 °C =298.16 K). The
above-mentioned formula was also utilized to calculate
the absolute flexibilities of the trisaccharides with re-
spect to each glycosidic linkage. For this purpose, the
absolute flexibility for each of the paths involving a
neat variation of the i angle corresponding to this
linkage was calculated independently. For each i angle
all these flexibilities, weighed through their Boltzmann
populations were added.
The partition functions were calculated as:®

P ES

o, = [180,% 3 &= tenrt

where A0 are the grid spacings (20° for full maps, 5° for
amplifications) and the summation is carried out over
the entire surface determined (e.g., ES =324 for full
maps). French and co-workers®® used the name ‘proba-
bility volume’ for this function. The partial flexibility
on each of the i torsional angles of the trisaccharides,
was evaluated by generating estimates of the adiabatic
[energy vs. ¥5_,,] and [energy vs. i, _,,] relationships.
These were created by recording the minimum energy in
the amplified maps (5° grid) for each column and for
each row of data, respectively. From these data, partial
dy, and ¢,  values were calculated using the
above-mentioned equation, which were extended to the
whole i range by adding the effect of the remainder of
the map (20° grid).

3. Results

The MM3 adiabatic conformational surfaces for B-cel-
lobiose and o-maltose, depicted as contour maps are
shown on Fig. 1. Only the main ¢ section was taken
into account in the plot, disregarding side-of-the-map
minima'® (see below). Table 1 shows the geometrical
and energy characteristics of the lower-energy minima
in each region.

Fig. 2 shows the energy plot for both disaccharides,
but related just to the glycosidic angle .’ The small
geometrical differences between the minima, as well as
the low-energy barriers preclude observing neat minima
in the A—B regions. However, the comparison is clear:



98 C.A. Stortz, A.S. Cerezo / Carbohydrate Research 338 (2003) 95—107

360

180 220 260 300 340 20 60 100 140 180
T T T T T T T T I

| B-cellobiose [ a-maltose

300 -

240 -

180 —

120 -

60 —

0

Fig. 1. MmM3(92) adiabatic conformational maps of B-cellobiose and a-maltose at ¢ = 4. Iso-energy contour lines are graduated in
1 kcal/mol increments above the global minimum. The symbols indicate: (*) MM3 global minima; (4 ) MM3 local minima.

Table 1
Torsion angles (°), relative steric and free energies (kcal/mol) and exocyclic angles for the minimum-energy conformations ®
obtained for B-cellobiose and a-maltose using the MM3 force-field. Selected data for the main transition states (TS) is also included

b, ¥ b Y E. G Exocyclic torsion angles ®
K2X3Xa 'Y X1X2X3 WXe
f-Cellobiose
A 286, 234 47, =5 0.10 GgG eG GgG G
283, 231 45, -9 0.17 GgG eT GgG ¢G
B 270, 197 32, —45 0.00 0.00 GgG eT GgG eG
C 269, 56 31,174 2.22 GgG eG ¢Gg G
270, 56 32,174 3.39 GgG eG ¢Gg eT
TS A—~B 278,218 40, —23 0.31
o-Maltose
A 99, 217 —21, =23 0.00 ¢GS eG 2eG Gg
98, 217 —21, =23 0.00 eSG eG 2eG Gg
B 68,193 —53, —49 0.58 TeG eG GTg G
69, 193 —52, —48 0.42 GgG eG ggg eG
C 92,74 —28, —169 0.97 1.98 GgG eT 2eG G
De 120, 261 1,25 1.90 GgG eG 2eG Gg
118, 259 —1,22 1.64 GgG eG 2eG eG
TS A<~B 77, 200 —44, —41 0.63
TS A-D 113,247 —6,10 2.05

2 When the steric energy minimum and the free energy minimum structures are not the same, the first line shows the data
corresponding to the strain energy minimum, and the second line the data corresponding to the free energy minimum.

® For nomenclature, see Section 2.

¢ Another minimum at ¢, = 101, 279° appears only for a given combination of exocyclic chain angles.
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Energy (kcal)

Fig. 2. MmM3(92) relaxed surface (2D plot) for B-cellobiose
(solid) and a-maltose (dashed) at ¢=4. Position of the min-
ima is shown in both plots.

the A—B region well is wider for cellobiose, while the C
region carries less energy for maltose.

The Mmm3 PES of B-cellotriose determined as a con-
tour map relating the energy with both i glycosidic
angles is shown in Fig. 3, while the plot obtained by
recalculation in the region A-B of low-energy (¥5_,,
from 170 to 265°, ,_,, from 170 to 270°) is shown on
Fig. 4. Table 2 indicates the geometrical and energy
data on the minima obtained in each region. The
minima are named by a two-letter code according to

the minimum energy region (A, B or C) of the 32
linkage (first letter) and the 2 —1 linkage (second let-
ter). The equivalent maps and data for o-maltotriose
are shown on Figs. 5 and 6, and Table 3, respectively.
In this case, the map was recalculated in the region of
W5_,, from 170 to 285° and ,_,, from 170 to 270°. It
should be mentioned that the surface of maltotriose is
very complex, as in the generation of the minima many
calculations yielded negative or zero eigenvalues. The
location of the minima finally determined was often
very sensitive to the exocyclic chains orientations. Thus,
sometimes shifts of ¢ and i angles within the A, B and
D regions were observed. In special combinations of
exocyclic chains, minima further away from region D
appeared for the linkage 3 —2. They were labeled as
EA and EB. Such complexity of the PES under differ-
ent methods was already mentioned for maltose.?® It
should be mentioned that although minima in any of
the D regions are true minima, they are usually not part
of the adiabatic map, i.e., there are points (not minima)
with the same ¥ angles, but lower energies, as already
mentioned elsewhere.'® As expected, considering the
similar conformational behavior of both linkages for
each trisaccharide, substantial diagonal symmetry is
observed in the maps. Table 4 shows the flexibility
measurements carried out using the data obtained for
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Fig. 3. MM3(92) adiabatic conformational map of B-cellotriose (energy vs. ¥5_,,, ¥,_,,) at e=4. Iso-energy contour lines are
graduated in 1 kcal/mol increments above the global minimum. The symbol (+ ) indicates some of the MM3 local minima.
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Fig. 4. MmM3(92) adiabatic conformational map of B-cel-
lotriose recalculated in a low-energy region. Iso-energy con-
tour lines are graduated in 0.2 kcal/mol increments above the
global minimum, up to 1 kcal/mol. The symbols indicate: (*)
MM3 global minima; (4 ) MM3 local minima; reported crystal
structures for: (@) different monomeric units of methyl p-cel-
lotrioside ethanolate/hydrate, (4), B-cellotriose undecaac-
etate,** and (M) PB-cellotetraose hemihydrate*' (consecutive
cellotriose units in each monomeric unit).

the di- and trisaccharides under study. For B-cellobiose,
the contribution of the minimum with a ¢ angle shifted
in ca. 120° (side-of-the-map'®) to the total flexibility
was only 0.04%, thus justifying disregarding this mini-
mum. Table 5 shows the main hydrogen bond arrange-
ments established for both trisaccharides in each
minimum.

4. Discussion

The conformational characteristics of maltose and cel-
lobiose were the subject of most of the earlier molecular
modeling studies®>! devoted to disaccharides. Using
MM3, a force-field with good parameterization for car-
bohydrates, Dowd and co-workers obtained the adia-
batic conformational surfaces of both anomeric forms
of both disaccharides (as well as those from other -
and B-linked disaccharides)'™!? at a dielectric constant
of 4. Further work®!? was made with improved versions
of Mm3 using different dielectric constants. The use of
an ¢=3 for maltose was suggested.?

For B-cellobiose, the map currently obtained (Fig. 1)
using MM3(92) is very similar to those obtained previ-
ously at similar dielectric constants*!%!3 although the
geometry of the minima is slightly shifted. The energy

difference between minima A and B appears to be very
small (Table 1, Fig. 2). While for B-cellobiose, the
crystal structure carries its ¢, i angles in the A re-
gion,** for the methyl B-cellobioside methanolate the
conformations fall very close to our B minimum.>4
Crystal data for other cellobiose derivatives appear
throughout the entire A—B region.*!>%” Rees'? assumed
that the solution conformation of cellobiose was the
same as that obtained for the crystal (between the A
and B minima, but closer to the A minimum). However,
further attempts to determine the conformation of cel-
lobiose and derivatives in solution using optical rota-
tion, NOE and coupling constant measurements'>!%18
indicated a flat potential surface in the A-B region,
with populations of A and B conformers approximately
equal,’>!® and only small proportions of conformers in
other regions. It was shown*® that the hydrogen bonds
present in the crystal (between H(O)-3 and O-5) are
disrupted in aqueous solution. The map shows the
usual characteristics present in many disaccharides:>*¢
a low-energy A—B region with small energy differences
and barriers, and another region (C) with slightly
higher energy, but separated by a considerable barrier
(Fig. 2) from the main region. Most of the conformers
yielding low-energy minima in the adiabatic map car-
ried both hydroxymethyl groups in GT orientation, as
occurred in previous calculations and crystal struc-
tures.'> Only seldom the non-reducing unit carried the
GG orientation.

For o-maltose, the map (Fig. 1, Table 1) is also
similar to those obtained previously>!'!'!3 with different
versions of MM3 and dielectric constants. Herein, four
minima in the main area are observed. The minimum
called D (‘central’'®) was first detected for B-maltose!!
but not for a-maltose. A recent work, however, de-
tected this minimum for o-maltose, but failed to find
minimum B at a similar dielectric constant.'® Further-
more, the ‘central’ (D) minimum was found to carry an
energy higher than that found for points in the adia-
batic map with the same ¢, values.!* The PES of
a-maltose is more complex?® than that of cellobiose, as
different orientations of the exocyclic groups had some
of their minima shifted to different ¢, iy angles. Mini-
mum A was found to be the most stable (Table 1),
closely followed by minimum B. Although minima in
the C and D regions appear to be less favorable, the C
minimum carries a surprisingly low energy (Table 1).
However, as usually happens®***>>° the region C ap-
pears less favored when free energy calculations are
performed. Crystal structures for maltose and deriva-
tives appear mostly around minimum A, mostly to-
wards the D region (the region between A and D was
predicted as that most stable by DFT/ab initio
calculations®®), and only rarely reaching the B region.?
On the other hand, experimental determinations in
solution!>!""1? indicate that probably region B is the
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most populated in aqueous solution (the hydrogen-
bond linking O-2" and O-3 is broken'®), closely followed
by region A, being negligible the proportions of other
conformations. This fact occurs in spite of the calcula-
tion of solvation effects, which led to C as the lowest
energy region.’! The conformational preference of mal-
tose (within the region A-B) was found to be very
sensitive to the solvent'> and the anomeric status of the
reducing end,'® given the hydrogen bonding possibilities
of the molecule. Most of the conformers yielding low-
energy minima in the adiabatic map carried both hy-
droxymethyl groups in GT orientation, as occurred in
previous calculations.'' Only few of either of those
units carried GG orientation. A crystal structure re-
ported for B-maltose indicated a GG orientation for the
reducing unit and a GT orientation for the non-reduc-
ing unit.>? The four-minima pattern found here is very
similar to that obtained by Tran and co-workers using
a rigid-residue analysis.’

Partition function and absolute flexibility measure-
ments (Table 4) indicate that the B-cellobiose glycosidic
linkage is more flexible than that of a-maltose. This has

pected increase in flexibility arising from a diequatorial
linkage against an axial-equatorial one.*®*->" The ex-
pression of the flexibility upon different angles (Table
4) is clearly showing that the increased flexibility of
cellobiose is gained in the i direction. Within the ¢
coordinate, certainly maltose should be considered
somehow more flexible than cellobiose, as its map (Fig.
1, Table 1) is showing a 50° span of ¢ between minima
B and D, almost three times larger than that encoun-
tered for cellobiose.

Conformational analysis of tri- or higher oligosac-
charides has been usually carried out by NMR tech-
niques.?*>* Molecular modeling has also been used,
sometimes using molecular dynamics,?* other heuristic
procedures,?® or partial rigid-residue analysis**** in or-
der to explore the whole conformational space. When
all the glycosidic linkages were studied, each one was
taken independently, giving rise to one ¢,y contour
map per glycosidic linkage.>*> 2 Mazeau and Pérez*¢
have determined the adiabatic maps of 18 disaccharides
which act as building blocks of rhamnogalacturonan 11,
and later calculated the possible conformations of the

already been predicted,'®'® and agrees with the ex- oligosaccharides generated with them, projecting the

Table 2
Torsion angles (°), relative steric and free energies (kcal/mol) and exocyclic angles for the minimum-energy conformations
obtained for B-cellotriose using the MMm3 force-field. Selected data for the main transition states (TS) is also included

3o V5 (@MY oot oy (BT Y Eg® Exocyclic torsion angles ®
Steric energy minima
AA 286, 234 47, =5 284, 235 46, —4 0.16 GgGgG 2GeG GgGgG
AB 286, 235 47, =5 268, 201 30, —40 0.26 GgGgG ¢GeT GgGgG
AC 285, 234 47, =5 269, 55 30, 174 1.86 GgGgG ¢GeG GgGgG
BA 270, 197 32, —45 284,235 46, —4 0.00 GgGgT 2GegG GgGgG
BB 270, 196 32, —46 268, 201 30, —41 0.21 GgGgT ¢GgT GgGgG
BC 270, 197 32, —45 268, 55 30, 174 1.73 GgGgT ¢GeG GgGgG
CA 270, 55 32,174 285,233 47, —6 2.13 GgGeG GggG GgGgG
CB 270, 56 32,175 270, 198 32, —44 2.21 GgGgG GggT GgGegG
CcC 271, 55 33,173 269, 54 31,173 3.94 GgGgG GgegG ¢GgeG
Free energy minima
AA 284,231 46, —8 281, 230 43, —9 0.47 GgGgT eGgT GgGgG
AB 281, 230 42, —10 268, 201 30, —41 0.18 eGSgT eGgeT GgGegG
AC 283,231 45, -9 269, 55 30, 174 3.36 GgGgT 2GeG GgGgG
BA 269, 201 30, —41 281, 230 43, —10 0.00 ¢GSgT eGgT GgGgG
BB same as steric minimum 0.21 GgGgT GGgT GgGgG
BC same as steric minimum 3.21 GgGgT GGgG GgGgG
CA 268, 59 30, 177 283, 231 45, —8 3.67 GgGgT GggT GgGgG
CB 267, 58 29,177 270, 197 32, —45 3.49 GgGgT GggT GgGgG
CcC same as steric minimum 6.64 GgGgG GggG ¢GggG
Main transition states
AA—AB 286, 234 47, —5 276, 222 38, —19 0.52
AA—BA 278,218 40, —23 284,235 46, —4 0.41
AB+ BB 277,217 39, —24 268, 202 30, —40 0.52
BA BB 270, 196 32, —45 277,222 39, —19 0.55

 Steric energy or free energy, depending on the listing.
® The angles are given in the order y,.ys.x4 ©"xe %2dy @' Ye Y1X2X3 @Y. For nomenclature of the angles, see Section 2.
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Fig. 5. MM3(92) adiabatic conformational map of o-maltotriose (energy vs. ¥5_,,, ¥,_,,) at ¢=4. Iso-energy contour lines are
graduated in 1 kcal/mol increments above the global minimum. The symbol (+ ) indicates some of the MM3 local minima.

position of the minima obtained onto the disaccharides
maps. However, they did not show a graphical relation-
ship of the effect of one glycosidic linkage on another
glycosidic linkage. With the usual representations of
disaccharides adiabatic map as 3D contour plots (i.e.,
relating the energy with the glycosidic angles ¢ and ),
representing a trisaccharide would require the use of a
five-dimensional plot, beyond the possibility of human
understanding. However, the ¢ glycosidic angle was
found to take a more or less fixed value for most of the
disaccharides, at least using MmM3.!'"13 Even if the ‘side-
of-the-map’ minima may be significant for some equa-
torially linked disaccharides,'**” their populations are
usually negligible'* when calculating at dielectric con-
stants above 1.5. Furthermore, this minimum only ac-
counts to 0.04% of the total population of f-cellobiose
in the present work. Thus, it may be considered that
there is no need to relate the glycosidic linkage features
with angle ¢. It was previously shown that the ¢ angle
could also be allowed to relax, considering that a clear
correlation was found between the 3D contour maps
(energy vs. ¢ and ) and the 2D plots (energy vs. ).’
Therefore, it is possible to represent the PES of a
trisaccharide as a contour map, in which the energy is

plotted against both i angles, while the ¢ angles are
allowed to relax.

From the geometrical standpoint, the adiabatic map
of B-cellotriose (Figs. 3 and 4) represents the crossing of
the maps of each linkage behaving independently.
Thus, the three minima appearing for each linkage are
transformed into nine minima, with ¢, i angles very
close to those encountered for the disaccharide (cf.
Tables 2 and 3). An almost square region with an
energy below 1 kcal appears, encompassing a region
with both i angles varying between 180 and 260°
(—180 to — 100°), and comprising the four main min-
ima (AA, AB, BA and BB). The energy differences
between these minima (Table 2) are not significant.
About 2 kcal above the global minimum, the four
minima carrying one angle in the C region and another
in the A or B region appear (Table 2). These minima
generate two oval minima regions with energies below 3
kcal (Fig. 3). The ninth minimum (CC) appears with
even higher energy, as expected. Some maxima are also
observed, for example those around y, y = 120°, 120°
(Fig. 3), and 220°, 210° (Fig. 4). They are not transition
states, as they carry more than one negative eigenvalue.
A careful analysis of the energies involved in each
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minimum is showing that, though the geometrical fea-
tures of each linkage appear to be almost independent,
the energies do not show the same behavior. The four
minima in the A-B region have very similar energies
(Table 2). However, B was the global minimum for
cellobiose, while BB is not the global minimum for
cellotriose: BA is the main minimum, and AA carries
actually less energy than BB. In any case, the differ-
ences are very small, and even the four transition states
have energies below RT (Table 2). The minima com-
prising one linkage in the C region of cellotriose have
less relative energies than the C minimum in cellobiose
(Tables 1 and 2). Furthermore, the presence of a C
minimum in the 2—1 linkage (minima AC and BC)
appears more favorable than that on the 3 —2 linkage
(minima CA and CB). All of the minima obtained using
steric or free energy measurements carry all their hy-
droxymethyl groups in G7T orientation (Table 2). How-
ever, in the adiabatic map, some of the grid points are
originated in structures carrying at most one GG orien-
tation (usually for monosaccharide I). Crystallographic
studies on methyl B-cellotrioside ethanolate/hydrate®
showed four independent molecules in the unit, ar-
ranged in an antiparallel fashion: two molecules
showed both ¥ angles around 208°, while the other two
carried those angles at 218° (their ¢ values were be-
tween 263 and 269°), i.e., one pair close to the BB
minimum, and the other pair in the middle of the four
(Fig. 3). The ¢ angles in both linkages of the same
molecule are similar. An analogous result has been

260

240

N
N LN

200

180

Fig. 6. Mm3(92) adiabatic conformational map of o-mal-
totriose recalculated in a low-energy region. Iso-energy con-
tour lines are graduated in 0.2 kcal/mol increments above the
global minimum, up to 1 kcal/mol, and then in 0.5 kcal/mol
increments. The symbols indicate: (*) MM3 global minima;
(+) MmM3 local minima; reported crystal structures for (@)
methyl B-maltotrioside hydrate,*” and (4) barium bis(p-nitro-
phenyl)-a-maltohexaoside bis(triiodide) hydrate*® (consecutive
maltotriose units in each monomer).

found for the two antiparallel monomers of the hydrate
of B-cellotetraose*! (Fig. 4). High quality difraction
studies on cellulose II°>° and cellulose IB>® also indicate
similar ¥ angles (around 215°). The studies on the
oligosaccharides found all the hydroxymethyl groups in
GT orientation,>*' as occurred with most of those
found on cellulose I1.>> However, in cellulose I the
hydroxymethyl groups were found in TG orientation.>¢
In the present work, TG orientation was not searched
for, as modeling on cellobiose found this orientation
not favorable.!?> On the other hand, a crystallographic
study on the undecaacetate of B-cellotriose®® showed
different torsional angles for each glycosidic linkage:
for 352, ¢,y were equal to 262°, 217°, while for the
21 linkage, ¢, were 285°, 263°. Those values are
not far from the BA minimum, herein found as the
global one. Only the downstream end appeared in GT'
orientation, while the other two units carried GG orien-
tations.*® Hydrogen-bonding of the hydrogen linked to
O-3 of one unit and O-5 of the neighboring unit
appears (Table 5) for all the monosaccharide pairs in
the A or B regions, since their energies very alike (only
slightly higher for the B region). This interresidue hy-
drogen bond has already been observed.*® When the
glycosidic linkage orientation is that corresponding to
the C minimum, the above mentioned-hydrogen bond
is precluded, and replaced by another one between the
primary alcohol hydrogen of one unit and O-6 of the
neighboring unit.

In the equivalent adiabatic map of a-maltotriose
(Figs. 5 and 6), the map shows again that each linkage
behaves more or less independently. Thus, the four or
five minima appearing for each linkage are converted
into about 18 minima, with ¢, i angles very close to
those encountered for the disaccharide (cf. Tables 2 and
4). As a difference with the map of cellotriose, the
region with an energy below 1 kcal is quite small and
with a round shape, encircling only the global minimum
(AA). Other low-energy minima (AB, BA and BB)
appear in flatter surfaces, while those comprising a D
minimum (AD, BD, DA, DB or DD) are not discernible
by the contour, as expected, considering that they are
not part of the adiabatic surface (see Section 3). About
2 kcal above the global minimum, the minima carrying
one angle in the C region and the other in the A region
appear (Table 3, Fig. 5), while those combining a C
minimum with a B or a D minimum are hard to detect
by the contour. At last, a small 3-kcal region containing
the CC minimum appears. The maximum around
W, =120, 120° (Fig. 4) carries lower energy than for
cellotriose. Although the low-energy region for mal-
totriose is smaller than for cellotriose, the total surface
covered by the 10 kcal map is larger. The AA minimum
in maltotriose appears more stable than the A minimum
in maltose (cf. Tables 1 and 3). The CA minimum is
particularly stable (Table 3). The C region appears
more favorable on the 3 —2 linkage than on the 2—1
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Torsion angles (°), relative steric and free energies (kcal/mol) and exocyclic angles for the minimum-energy conformations ®
obtained for a-maltotriose using the MM3 force-field. Selected data for the main transition states (TS) is also included

b3 ¥ 50 (@7 YT PN (™ ™ E Exocyclic torsion angles ©
251

Steric energy minima
AA 99, 216 —20, —23 101, 216 —18, —24 0.00 2GSgG gGGg 2eGegG
AB 102, 216 —18, —24 68, 192 —53, =50 1.10 2GgGg ¢GeG GTgeG
AC 102, 214 —17, =26 92,74 —28, —169 1.42 ¢GSgG gGgT 2eGegG
AD 94, 208 —25, —33 121, 261 1,25 2.69 GgGgG GgegG 2eGGg
BA 68, 193 —53, —48 99, 216 —20, —23 1.07 TgGegG 2SgG 2eGGg
BB 69, 193 —53, —49 68, 192 —54, —50 1.30 TgGgG TgeG GTgegG
BC 70, 194 —52, —48 92,74 —28, —169 1.64 (2.36) TeGeG GggT 22GeG
BD 68, 192 —54, —50 121, 261 1,25 2.68 TgGegG GgeG 2eGGg
CA 92,74 —28, —169 103, 213 —17, =27 0.75 GgGgT gGgG 2eGegG
CB 92,75 —28, —168 70, 192 —51, —49 1.72 (2.59) GgGgT 2GegG GTgeG
CC 92,74 —29, —169 92,74 —28, —169 2.93 (3.82) GgGgT ¢GegG 2eGegG
CD 89, 69 —31, —174 119, 258 0,22 4.82 GgGgT eGegG GTgegG
DA 117,261 —2,24 99, 217 —20, —23 1.91 GgGgG 2GegG 2eGGg
DB 121, 260 2,23 67,192 —54, —49 2.98 TgGgG TegeG GTgeG
DC 124, 257 6,21 92, 74 —28, —169 3.64 TeGegG GggT geGgG
DD 122,259 3,22 121, 261 2,25 4.44 TeGeG GgegG 2eGGg
EA¢ 94, 283 —27,47 97,216 —23,-23 1.69 (1.94) GgGgG 2GegG 2eGGg
EB ¢ 94, 282 —27,46 67,191 —55, =51 2.37 (2.33) GgGgG 2GegG GTgeG
Free energy minima
AA 101, 215 —18, =25 102, 214 —18, —26 0.00 2SGgT gGgT 2eGegG
AB 102, 214 —18, —26 70, 193 —51, —48 0.21 2SGgG eGgT 22SGg
AC 101, 214 —18, —26 92,74 —28, —169 1.82 2SGgG gGeT 2eGeG
AD 90, 206 —30, —35 120, 259 1,22 1.94 2GSgT GgegG 2eGegG
BA 69, 193 —52, —48 101, 214 —18, —26 0.96 GgGgG gSgT 2eGegG
BB 70, 193 —51, —48 68, 192 —54, —49 0.56 2GSgT TgeG 2e2SeG
BD 69, 193 —52, —49 120, 260 1,23 1.90 2GSgT GgegG 2eGegG
CA 93,74 —27, —169 102, 214 —17, =26 1.89 GgGgT eGgT 2eGegG
CD 90, 69 —31, —174 118, 257 —1,20 4.50 2GSgG GgegG 2eGgG
DA 113, 262 —17,26 102, 216 —17, —24 1.64 GgGgT eGGg 22GeG
DB 116, 258 -3,22 68, 193 —53, —49 2.50 TgGgT GgegG gggeG
DC 119, 255 0,18 92,74 —28, —169 3.70 GgGgG eGgT 2eGeG
DD 120, 257 0,21 120, 260 1,23 3.98 TgGgT GgegG 2eGegG
Main transition states
AA—AB 102, 216 —17, =24 77,199 —43, —42 1.39
AA—BA 75,199 —46, —42 100, 216 —20, —23 1.08
AB—BB 79, 201 —41, —40 68, 192 —54, —49 1.35
BA<~BB 69, 194 —52, —48 75,198 —46, —43 1.37
AA—EA 113, 243 —-7,6 99, 217 —20, —23 2.10
AC—BC 77,200 —43, —41 92,74 —28, —169 1.69
AB—EB 112, 244 —7,6 68, 191 —54, —51 3.10
BA<—~BD 68,192 —53, —49 118, 252 —-2,15 2.89

2 Some other minima appeared between regions A and D. These minima were used to construct the contour map, but are not
included in this Table.

® Steric energy or free energy, depending on the listing. When it corresponds to the same minimum, free energy appears in
parentheses.

¢ The angles are given in the order y,.jsa @ Yo Jodz O Xe X1X2)3 @) For nomenclature of the angles, see Section 2.

4 Only one exocyclic angle arrangement was studied.
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Table 4
Corrected partition functions ¢ and absolute flexibilities @ calculated for the compounds under study
qp.y (deg?) qy ) ‘I¢,¢;/‘]w ) D,y (x10% D, (x10% ‘pqs,.///‘p.p
B-Cellobiose 1255 56 22.5 216 303 0.71
a-Maltose 1161 40 28.8 162 148 1.10
Gy (deg?) qy (°) Py gy (X109 Dy, (x10%) P, (x10% Dy y s Puy
B-Cellotriose 2656 qy, ,=51" 151 211 Dy =282 0.72
qy, =497 by, =206
a-Maltotriose 1239 qy, ,=37" 52 45 Dy, =91 1.17
qy, , =33° Dy =173

2 Estimated from the 3D map (see Section 2).

linkage (in contrast with cellotriose, see above). Most of
the minima carry their hydroxymethyl groups in GT
orientation, although some appear in GG orientation
(Table 3). Within the adiabatic map, only some of the
grid points are originated in structures carrying one or
two GG orientations (usually for monosaccharide I, less
for monosaccharide III). Crystallographic studies on
methyl B-maltotrioside hydrate*? indicated ¢, iy angles
of 82, 211° for the linkage 3—2 and 83, 208° for
linkage 2 — 1, very close to our AA region (Fig. 6). On
a dimer of a maltohexaose derivative,** several different
Y values were encountered. When paired, they are
mostly scattered around the AA minimum (Fig. 6). This
dispersion suggests that the difficulties of modeling the
minimum energy conformations of maltose and deriva-
tives are not just related to incomplete parameterization
of force-fields,?® but also arise from true physical com-
plexities. These studies found most of the hydrox-
ymethyl groups in GG orientation,*** and only one in
GT orientation.** Hydrogen bonding of the hydrogen
linked to O-3 of one unit and O-2 of the neighboring
unit appears (Table 5) for the monosaccharide pairs in
the A and D regions (for the latter, sometimes the
donor and acceptor are inverted). When the glycosidic
linkage orientation is that corresponding to the B or the
C minimum, the above-mentioned hydrogen bonds are
precluded. In the C region, they are replaced by an-
other one between the same hydrogen (that linked to
O-3 of one unit) and the O-6 of the neighboring unit,
while for the B region no strong hydrogen bonds are
found to occur.

Flexibility measurements for cellotriose and mal-
totriose (Table 4) follow the trend shown for the corre-
sponding disaccharides: the B-linked trisaccharide is
much more flexible than the a-linked one. Furthermore,
the partition function measurements give enhanced dif-
ferences, as expected. The parameter ¢, for cellobiose is
40% larger than for maltose; if both ¥ angles in the
trisaccharide behave in an independent fashion, it

should be expected that the ¢, , of the trisaccharide
should be equal to g, of the disaccharide squared. The
lower value obtained in both cases (Table 4) is indicat-
ing a decrease of the flexibilities of the individual
trisaccharide linkages with respect to that of the disac-
charide, possibly due to the presence of cooperative
interactions. Another parameter that can help to
confirm this decreased flexibility is an estimation of the
partition function values for each individual linkage.
The method of calculation of these parameters can lead
to a small underestimation, as it is determined in grid
points and not with the second angle fully relaxed (see
Section 2). However, as it was calculated mostly on a 5°
grid, the underestimation should indeed be small. These
parameters also show a decrease in flexibility of a

Table 5
Hydrogen-bond arrangements (with Ez>0.3 kcal/mol) es-
tablished for every MmM3 minimum of cellotriose and mal-
totriose *

Hydrogen Minima

bond

p-Cellotriose

H(0)-3-05" AA, AB, AC (0.56-0.58), BA, BB, BC
(0.60-0.63)

H(0)-3-05  AA, BA, CA (0.55-0.61), AB, BB, CB
(0.65-0.68)

H(0)-6-06  AC, BC, CC (0.46-0.50)

H(0)-6"-06' CA, CB, CC (0.37-0.45)

o-Maltotriose

H(0)-3-02" AA, AB, AC (0.52-0.60), DA (0.33)

H(0)-3-02°  AA, BA, CA, DA (0.51-0.63), AD, BD,
CD, DD (0.31-0.38)

H(0)-2"-03' DB, DC, DD (0.57-0.62)

H(0)-3-06  AC, BC, CC, DC (0.51-0.63)

H(0)-3-06" CA, CB, CC (0.52-0.55)

* In parentheses, energy involved in the hydrogen bond (in
kcal/mol).
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linkage when passing from a disaccharide to a trisac-
charide, as shown by Mazeau and Pérez.?® Further-
more, our results indicate that the 2 — 1 linkage (closer
to the reducing end) is even less flexible than the 3 —2
linkage. Similar results are obtained by the use of
absolute flexibilities: the @, parameter is reduced from
a value of 303 in cellobiose to 282 for the 3 —» 2 linkage
and 206 for the other linkage of cellotriose. For the
a-linked compounds the reduction is even larger, sug-
gesting that they have higher restrictions: the 148 value
for maltose is reduced to 91 and 73 in both linkages of
maltotriose. As expected, the @, ,/®, ratios for the
disaccharides stay similar to the equivalent ratios in the
trisaccharides, as no major geometrical changes are
produced. The higher flexibility of the 3 — 2 linkage of
maltotriose (with respect to the 2—1 linkage) occurs
not only within the central region, but also extending to
the minima comprising one linkage in the C region
(Fig. 5). On the other hand, for cellotriose, the higher
‘horizontal’ flexibility occurs in the main A—B region,
as Fig. 4 clearly shows, but the region comprising a C
minimum for the 2 -1 linkage appears favored. How-
ever, this factor does not compensate the higher flexibil-
ity of the 3 —2 linkage in the most populated area.
This work shows that mapping of trisaccharides by
the way of 3D contours is possible, and gives informa-
tion on the conformations and their interconversions
which is harder to view without the picture. Flexibility
measurements may also help to recognize their confor-
mational features. It may be expected that further
work, for instance on products with possibly interacting
linkages (as 1—2 linked trisaccharides), and/or two
different linkages, will throw light on these subjects.
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