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Abstract

The ‘adiabatic’ (¢, i) potential-energy surface of the disaccharide a-D-galactopyranosyl-(1 — 3)-pB-D-galactopyra-
nose was obtained by several established methods, using the MM3 molecular mechanics force field. The constrained
minimizations throughout the whole grid were carried out using sharply different dielectric constants. The attainment
of the ‘true’ adiabatic map is very difficult due to the ‘multiple minimum problem’, originating in the large number
of exocyclic pendant groups present in a disaccharide. However, these results suggest that at low dielectric constants,
the usual approach starting with conformers carrying cooperative hydrogen bonds results in a good approximation
to the true adiabatic map, while at high dielectric constants this approach fails due to the damping of electrostatic
and hydrogen-bonding interactions. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Conformational analysis of disaccharides is
usually accompanied by the generation of a
Ramachandran-like conformational map as a
tool in understanding oligosaccharide confor-
mational structures [1-3]. In these maps the
energy is determined for all mutual orienta-
tions of the two monosaccharide residues, ex-
pressed by the glycosidic angles ¢ and . First
studies were carried out by rigid residue analy-
sis [3]. However, by allowing all variables to
relax, Melberg and Rasmussen [4—6] initiated
flexible residue analysis by 1979. These studies
were extended in the late 1980s [7—12], giving
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rise to the first fully relaxed energy maps of
many disaccharides. When generating these
Ramachandran maps, it should be borne in
mind that the actual conformational hypersur-
face of a disaccharide carries, for each ¢, ¥
combination, the influence of the orientations
of secondary hydroxyl groups, hydroxymethyl
groups and the primary hydroxyl groups, all
of which may affect the calculated final energy
by several kilocalories (the ‘multiple minimum
problem’ [1-3]). For a disaccharide formed by
two hexopyranose residues and considering
the three staggered positions for the ten exo-
cyclic groups, 59,049 (3'%) different starting
points are possible for the construction of the
map [3,13,14]. Thus, different starting points
will yield different minima after geometry
optimization.

An ‘adiabatic’ map is generated by plotting
the lower-energy values found at each grid
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point [15]. The outcome is that, at least theo-
retically, the true adiabatic map for a disac-
charide can only be obtained after calculating
59,049 relaxed maps and determining, for each
¢ /¥ combination, the one with the lowest
energy. Even with present resources, and using
a fast molecular mechanics method, this task
1s very difficult (one adiabatic map in a 20 x
20° grid would take more than three years in
a single CPU for minimizations taking an
average of 5 s each). This problem has been
extensively recognized since the early flexible
residue analyses [4—6,10—15]. However, it was
found that the hydroxymethyl groups in
monosaccharides show a marked trend to stay
at preferential positions (usually gg and gr)
[11,14]. Furthermore, it was determined that
the secondary hydroxyl groups are likely to
form a ‘crown’ of cooperative hydrogen
bonds, oriented either clockwise (c) or reverse
clockwise (r) around the pyranose ring [9]. In
this way, each monosaccharidic unit was con-
sidered [15,16] only in the gtr, gtc, ggc and
ggr conformations, thus leading to only 16
starting points for the disaccharide. This ap-
proach has been extensively used, among oth-
ers, by Dowd et al. [16-19], who studied
different disaccharides using MM3. Some-
times the starting conformers were not just 16,
but 24 when a different arrangement of hy-
droxyl groups was added [17,18], 36 when the
hydroxymethyl groups were considered at the
three available positions [20,21] or some other
figures [22]. The same approach was even
adopted to emulate aqueous solutions [23,24],
where such circuits of hydrogen bonds might
not form at all. The multiple minimum prob-
lem was also tackled with less systematic pro-
cedures, such as iterative manual searches
[11,15,25-27]. Tvaroska and co-workers tried
to overcome this problem with the program
RAMM, which finds the energetically most fa-
vorable combinations of the pendant group
orientations for each ¢,y pair, using a ran-
dom sampling technique [13,22,28]. Another
way to elude the multiple minimum problem
is to explore the conformational space of dis-
accharides by molecular dynamics (MD) sim-
ulations [22,29,30], an expanding metho-
dology. These simulations were also combined
with Monte Carlo techniques in order to in-

crease their efficiency to cross energy barriers
[31,32].

French and co-workers [14,16] have pointed
out the problems arising from minimization
with the MM2 ‘standard driver’, for which the
inelastic deformations are transmitted to the
next structure, and thus suggested the use of a
driver in which each point of each relaxed
surface is generated directly from the same
starting point, in order to avoid these propa-
gations of deformations.

Herein 1s presented the mapping of the dis-
accharide o-D-Galp-(1 — 3)-B-D-Galp (1) [25-
27] using MM3 [33] at either e=3 or ¢=80.
The influence of using either driver systemati-
cally, and of an iterative manual searching
procedure, on the adiabaticity of the final
maps is discussed.

2. Methods

Calculations were carried out on a Sun
SparcStation 10 computer, using the molecu-
lar mechanics program MM3 (92) (QCPE,
Indiana University, USA), developed by
Allinger and co-workers [33]. The MM3 rou-
tines were modified as suggested [34] by
changing the maximum atomic movement
from 0.25 to 0.10 A. Minimization (by the
block diagonal Newton—Raphson procedure
for grid points, using the full-matrix proce-
dure for the minima) was terminated when the
average movement converged to a value lower
than 10-* A. The dihedrals ¢ and ¥ (also
called ¢4 and ) are defined by atoms H-
1'-C-1'-0-3-C-3 and H-3-C-3-O-3-C-1’, re-
spectively, with the usual sign conventions
[27]. NOE theoretical calculations and average
linkage rotations were calculated as reported
elsewhere [25,27].

Sixteen starting conformers of the disaccha-
ride were generated by minimization of struc-
tures with the adequate geometry: their
glycosidic torsional angles were around ¢, ¥
—40°, —40° (minimum B) [27], their
monosaccharide constituents were *C, ring
conformers with either g7 (055 cs c606~
60°) or gg (065 c.5s c.6.0.6 ® — 60°) orientation
of the hydroxymethyl groups. As suggested
[9], clockwise (¢) or reverse clockwise (r) ori-



C.A. Stortz / Carbohydrate Research 322 (1999) 77-86 79

Table 1
Approx. starting angles (°) for the ¢ and r torsional orienta-
tions of the hydroxyl groups of 1

Torsional angle a-Non-reducing unit B-Reducing unit

C T C T
H-1-C-1-0-1-H(O-1) —60 60
H-2-C-2-0-2-H(0-2) 60 180 60 —60
H-3-C-3-0-3-H(0-3) 180 60
H-4-C-4-0-4-H(O-4) 60 60 —60 60
C-5-C-6-0-6-H(0-6)  —60 (gr) —60 —60 (gr) —60
60 (gg) 60 (gg)

entations were chosen for the secondary hy-
droxyl groups. The primary hydroxyl groups
were also settled in a position that may give
hydrogen-bonding possibilities (Table 1). As
the conformation of each ring is, a priori
independent from that of the other, four ori-
entations of hydroxyl groups and four of hy-
droxymethyl groups are possible, thus leading
to the 16 starting conformations.

Each starting conformer led to a different
¢ /¥ relaxed map. Using both dihedral drivers

A 2
V] e—e—e—«
o> > > >
¢
Driver 2

o,y= —40,-40 >
-20, 40 >
0,40 -

40,180 »
40,160 —»

-40,0»

40,40

(see below), ¢ and ¥ were fully varied
(through the whole — 180 to 180° grid) using
a 20° grid step. At each point, energies were
calculated after minimization with restraints
for these two angles but allowing the other
variables to relax. Both ¢=3 and ¢= 80 were
applied, using either MM3 Driver 2, which at
each point takes the previously calculated grid
point as the starting point for calculations, or
MM3 Driver 4, which always uses the same
starting conformer to calculate all grid points
directly (Fig. 1). ‘Adiabatic’ maps [15] were
constructed in each case using, for each grid
point, the lowest-energy value for each set of
16 relaxed maps. The contribution of each
relaxed map to the ‘adiabatic’ map was evalu-
ated from their probability distributions as-
suming no entropy differences:

Y suexp(— E,, /RT)
P.=

1

2. 2pu€xp(— Ey, |RT)

¢

Driver 4

-40,-40 — 20, 40
40,40 — 0, -40

40,40 —> —60,-40
-40,-40 — —60,-20
-40,-40 — -80,-20
-40,-40 — —40, 20
40,40 —> 40, 0

—40,-40 —> 40,180
—40,-40 — -40,160

—40,-40 — -60,-60

Fig. 1. Operating scheme of MM3 Drivers 2 and 4.
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In a different procedure, another ‘adiabatic’
map was generated following an iterative pro-
cedure reported elsewhere [15,25—27]. Briefly,
some different starting geometries were cho-
sen, using the lower-energy conformations for
o- and B-D-galactose [35] and checking the
effects of rotations of alternate pairs of hy-
droxymethyl and hydroxyl groups. To identify

-180 -120 -60 60 120
180 T

180 -180

the lowest energy on each ¢, ¥ grid point,
many starting conformations were minimized.
The generated points served as starting points
for the next ones, radially from each starting
point, in an iterative manner. As it was
pointed out [15], the amount of additional
searching done for each point was arbitrary,
and therefore cannot be automated.

120 60 ¢Ho 60 120 180

120

60

Yu

-60

C

U
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0 \\3
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Fig. 2. ‘Adiabatic’ maps obtained for compound 1 using MM3 (¢ = 3) with (a) Driver 2, (b) Driver 4, (c) an iterative method (see
Section 2). (d) ‘True’ adiabatic map. Isoenergy contour lines are graduated in 1 kcal mol ~! increments above the global minimum.
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3. Results and discussion

The MM3-generated conformational maps
of the disaccharide a-D-Galp-(1 — 3)-B-D-Galp
(1) at a dielectric constant 3.0 were obtained
both using the MM3 dihedral drivers 2 and 4
(Fig. 1), starting from 16 different initial con-
formers. The maps with the lowest-energy val-
ues for each grid point are shown in Fig. 2(a)
for dihedral driver 2 and Fig. 2(b) for dihedral
driver 4. Fig. 2(c) shows the map obtained
with an iterative method (see Section 2). With
those three ‘adiabatic’ maps, a more represen-
tative ‘true’ adiabatic map was constructed
(Fig. 2(d)), in which each grid point takes the
lower value. Fig. 3 displays the energy differ-
ences between the ‘adiabatic’ map obtained by
each method and the ‘true’ adiabatic map. As
shown, none of the three methods produced
the lower-energy points for the whole grid, as
it was already suggested [3]. The work per-

formed with Driver 4 yielded lower-energy
values than that carried out with Driver 2.
The latter gave rise to many high-energy val-
ues (some more than 3 kcal mol~! above
those obtained by other methods), especially
for the strip with = —60° close to the
termination of the cycle, where inelastic defor-
mations [14] led to high-energy values for the
16 starting conformers. Table 2 indicates the
contributions of each of the three methods to
the ‘true’ adiabatic map. As shown, using
Driver 2, more than half of the grid points
have energies with an average of 2.1 kcal
mol ~! above their minimum values. Most of
the 16 starting conformations yielded points
that were used to construct the maps, but
more than two-thirds of their population
arises from conformers with the B-D-galactose
unit in g¢ orientation. Also, starting conform-
ers with alternate configurations of secondary
hydroxyl groups (rc and cr) double the popu-
lation of those with the same configuration (cc

oy oy oy
-180 -120 -60 0 60 120 180 -180 -120 60 0 60 120 180 -180 -120 60 0 60 120 180
180 [ T mamedmE ' T 1 F T odoomdool T 1 F T odookee’ L
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Fig. 3. Plot of the excess energies of the grid points from each ‘adiabatic’ map to those of the ‘true’ adiabatic map (e=3).
‘Adiabatic’ maps were obtained with: (a) Driver 2, (b) Driver 4, (c) an iterative method (see Section 2). Excess energies are
indicated as follows: (O) 0—0.1 kcal; ((J) 0.1-0.3 kcal; (@) 0.3—0.6 kcal; (2) 0.6—1 kcal; (@) 1-2 kcal; (B) >2 kcal mol .
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Table 2

Contribution to the MM3-generated ‘true’ adiabatic map of 1 at ¢= 3.0 by each method

Limit value (kcal mol—")

Percentage of grid * below limit

Average excess (kcal mol—!)

Driver 2 Driver 4 Iterative Driver 2 Driver 4 Iterative
0.1 14 81 59 1.5 0.5 0.7
0.5 29 94 77 1.7 1.0 1.1
1.0 48 98 89 2.1 1.7 1.5

2 Percentage of the 186 grid points within a 15 kcal mol~! low-energy window that have an energy equal to or less that of the

‘true’ adiabatic map plus the limit value.

and rr). The actual minimum-energy starting
point corresponds to a gggtcr orientation.
Table 3 shows the values of its exocyclic
angles.

The same procedures were repeated with
e=80. Fig. 4 shows the three resulting maps,
Fig. 5 shows the energy differences of each
map from the ‘true’ adiabatic map (Fig. 4(c)),
and Table 4 indicates their contributions to
this true adiabatic map. In this instance, the
iterative search procedure by itself yielded the
true adiabatic map (Figs. 4(c) and 5, Table 4).
Drivers 2 and 4 gave rise to a map with
energies averaging 0.6 and 0.9 kcal mol '
above the adiabatic map, respectively. Even
considering points with 0.5 kcal mol ~! differ-
ence, Driver 4 failed to find true minima on

Table 3

Exocyclic angles (°) for the minimum-energy conformations
encountered for compound 1 in the region ¢, y & —40°,—40°
at ¢=3 and ¢=80

Torsional angle e=3% e=80"°
a-D-Galactose unit

H-1-C-1'-0-1'-C-3=¢ -39 —40
H-2'-C-2-0-2'-H(0-2") 66 53
H-3'-C-3-0-3-H(O-3) —159 —44
H-4'-C-4-0-4-H(0-4") —68 52
0-5-C-5'-C-6'-0-6 —64 70
C-5-C-6'-0-6'-H(0O-6") 71 180
B-pD-Galactose unit

H-1-C-1-O-1-H(O-1) 63 47
H-2-C-2-0-2-H(0-2) —54 —50
H-3-C-3-0-3-C-1'=y -39 -39
H-4-C-4-0-4-H(0O-4) 64 60
0-5-C-5-C-6-0-6 68 70
C-5-C-6-0-6-H(0-6) —65 180

2 Corresponds to a gggtcr orientation.

® Corresponds to a gtr orientation of the B-Gal unit, and
no recognizable pattern at the secondary hydroxyl groups of
the o-Gal unit.

81% of the grid. As expected, the deficiency of
the systematic methods at this dielectric con-
stant arises from the fact that none of the
initial 16 starting conformers has the lower-
energy conformation of the exocyclic groups.
This is obvious when using a method where
the electrostatic contributions were intention-
ally damped [2,22,25] by using a dielectric
constant of 80, for which hydrogen bonding
has almost no effect, and thus the r and ¢
circuits are meaningless. The geometry of the
actual global minimum (found by the iterative
search procedure) is shown in Table 3. In this
conformer, both monosaccharide units had
hydroxymethyl groups in gt orientation, the
unit of P-galactose had their secondary hy-
droxyl groups in an r arrangement, but the
a-galactose unit has no recognizable pattern
(Table 3).

Contrasting the maps generated at a low
dielectric constant, here the lower-energy
points (within a 15 kcal mol ' low-energy
window) arise from a few starting conformers.
More than 80% of the population of the
Driver 4 map arises from starting conformers
in which both hydroxymethyl groups carry gt
orientation (mainly gzgtrr), while less than 1%
arises from both monosaccharidic units with
gg orientation. No major effect of the sec-
ondary hydroxyl group arrangements was
found, although those starting with r orienta-
tion yielded a higher population on the adia-
batic map than those with ¢ orientation.

According to literature [23,35], the hydrox-
ymethyl groups of galactose are oriented gz or
tg rather than gg. However, in this calculation
gt and gg orientations were used, because it
was found that tg orientation gives abnor-
mally high energy values in molecular me-
chanics calculations [35].
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Fig. 4. ‘Adiabatic’ maps obtained for compound 1 using MM3 (¢ = 80) with (a) Driver 2, (b) Driver 4, (c) an iterative method
(see Section 2). Isoenergy contour lines are graduated in 1 kcal mol ~! increments above the global minimum.

Table 5 shows the average NOE and link-
age rotations predicted from the adiabatic
maps at both dielectric constants. Their com-
parison with experimental values indicates a
better agreement with the calculations carried
out at &= 80.

The need for reliable methods for generat-
ing disaccharide ‘adiabatic’ maps was recog-
nized at an earlier time [1] and discussed
extensively [3,11,13—15]. French and co-work-
ers have suggested the use of the so-called
‘new driver’ [14,16] (later brought into MM3
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Fig. 5. Plot of the excess energies of the grid points from each ‘adiabatic’ map to those of the ‘true’ adiabatic map (¢ = 80).
‘Adiabatic’ maps were obtained with: (a) Driver 2, (b) Driver 4, (¢) an iterative method (see Section 2). Excess energies are
indicated as follows: (O) 0—0.1 kcal; ((J) 0.1-0.3 kcal; (@) 0.3—0.6 kcal; (@) 0.6—1 kcal; (®) 1-2 kcal; (B) > 2 kcal mol .

Table 4
Contribution to the MM3-generated ‘true’ adiabatic map of 1 at ¢= 80.0 by each method
Limit value (kcal mol—1) Percentage of grid * below limit Average excess (kcal mol—!)
Driver 2 Driver 4 Iterative Driver 2 Driver 4 Iterative
0.1 0 0 100 0.6 0.9
0.5 61 19 100 1.0 1.0
1.0 79 75 100 1.3 1.4

2 Percentage of the 176 grid points within a 15 kcal mol~! low-energy window that have an energy equal to or less that of the
‘true’ adiabatic map plus the limit value.

Table 5
Experimental and calculated NOE values and linkage rotations for the disaccharide o-D-Galp-(1 — 3)-B-D-Galp
NOE on H-3? NOE on H4? Linkage rotation (A, in °)
MM3, ¢=3 0.41 0.29 —10
MM3, ¢=80 0.31 0.47 +22
Experimental [25,36] 0.32 0.53 +13

2 When irradiating H-1’, relative to the NOE on H-2'.
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as Driver 4) in the hope of arriving at better
results, together with a combination of low-
energy starting points based on their hydro-
gen-bonding abilities [9]. The same group has
successfully applied the method to the MM3
analysis of many disaccharides [16—19] at
dielectric constants close to four.

In more recent papers [23,24,37], the
method was extended to simulations of water
behavior by using a dielectric constant close to
80. For ionic solutions this value is higher
than that of the water in the first solvation
shell, where it can reach values as low [38] as
six. The effect of using a constant close to 80
i1s equivalent to neglecting electrostatic and
hydrogen-bonding interactions [22,25]. How-
ever, it has been used in order to obtain better
agreement with experimental values in
aqueous solutions [39], as in this work (Table
5). This paper shows that, at least with the
disaccharide under study, high-dielectric-con-
stant MM3 calculations with Driver 4 exhibit
large failures to produce an adiabatic map.
Furthermore, Driver 2 gives rise to a far better
map, which can even be improved if this
option is also used backwards (i.e. from ¥ =
—40° to lower values). In this way, the large
errors appearing in the regions with ¥ = — 60
to — 140° (Fig. 5), where the inelastic defor-
mations appearing in the long way that leads
to them, generating high energy values, are
avoided. Actually, the ‘true’ adiabatic map
was obtained in the present work by a non-
systematic, iterative procedure that has en-
countered a better approach to the true
surface.

As it has been pointed out, without a full
conformational search of the 59,049 starting
conformers, no true adiabatic map can be
produced [3,10,14,15]. However, it is possible
to reach near adiabaticity, by a combination
of the three methods shown previously. Cer-
tainly, it is impossible to automate the itera-
tive method, which means consuming
considerable CPU time, as well as making a
sizeable demand on the efforts of an experi-
enced researcher. However, reports of adia-
batic maps with high dielectric constants and
starting conformers with the classical clock-
wise—anticlockwise orientation of the sec-
ondary hydroxyl groups should be treated
with due care.

There are alternative approaches for the
creation of a potential-energy surface, like the
use of random sampling techniques [22] such
as RAMM [13,28], the use of heuristic proce-
dures like ciCADA [40,41] or applications of
simulations based on molecular dynamics
[22,29,30], Monte Carlo [42], or combinations
of both [31,32]. Even when the construction of
an adiabatic map is not attempted [43], the
generation of the local minima is usually re-
quired. The results shown in this paper indi-
cate that the determination of the local
minima from the combination of a small num-
ber of relaxed maps may fail, and it indeed
does, at high dielectric constants. Although
the conformational maps obtained by each
method are roughly similar (Figs. 2 and 4), the
fact that many properties of carbohydrates
depend strongly on small differences in energy
leads to a struggle for the greatest possible
accuracy [3] on the actual adiabatic character
of the generated maps.
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