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Abstract

The adiabatic conformational surfaces of several B-linked disaccharides, which correspond to the repeating structures of
carrageenans, were calculated using the Mm3 force-field. The studies were carried out on the disaccharide B-D-Galp-(1 —4)-0-D-
Galp and eight sulfated derivatives, as well as on carrabiose (B-D-Galp-(1 —4)-3,6-An-0-D-Galp) and five sulfated derivatives. The
presence of 3,6-anhydrogalactose does not change the main features of the maps, although it increases the flexibility of the
glycosidic linkage. Sulfation neither produces a striking effect on the map shape, nor a shift on the global minimum, which always
that occurring on the o linkage of equivalent disaccharides, for which the sulfation pattern on the B-galactose unit shifts the global
minima to different positions. A reduction in the flexibility (originated in a deepening of the global minimum well) is observed
by sulfation on position 2 of the B-D-galactose unit, and by sulfation of position 6 of the a-D-galactose unit (when the
B-D-galactose unit is 4-sulfated). Within the compounds containing 3,6-anhydrogalactose, the effect of sulfation is even less
noticeable. The calculated low-energy regions on carrabiose derivatives agree with X-ray diffraction data on carrageenan fibers
and on peracetylated carrabiose dimethyl acetal, and with NOE calculations carried out on k-carrabiose. © 2002 Elsevier Science
Ltd. All rights reserved.
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should be useful in improving the understanding of the
physical and biological properties of  those
macromolecules.

Conformational studies of sulfated sugars were for-
merly hindered because the compounds were difficult to
crystallize for diffraction crystallography and the neces-
sary parameters for molecular mechanics modeling cal-

1. Introduction

Carrageenans are sulfated galactans that can be ex-
tracted from red seaweeds for use as thickeners and
gelling agents. Those galactans have structures based
on linear chains of alternating 4-linked o-D-galactopy-
ranosyl (A) residues and 3-linked B-D-galactopyranosyl

(B) residues, usually sulfated in different positions, and
having often the a-D-galactose unit replaced by 3,6-an-
hydrogalactose.! The useful physical properties of these
polysaccharides depend on their conformations and
molecular flexibility, which is concentrated mostly on
the glycosidic linkages. Thus, conformational analysis
of the various disaccharides that act as repeating units
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culations were lacking. In the past few years, however,
parameters for sulfated carbohydrates using different
modeling force-fields?> ® have been developed based on
ab initio calculations and on X-ray studies. Fiber dif-
fraction studies of several oriented carrageenan fibers
have been carried out,’~'* as well as single-crystal X-ray
diffraction studies of neocarrabiose!® (3,6-An-o-D-
Galp-(1 — 3)-B-D-Galp) and the peracetylated dimethyl
acetal of carrabiose!® (B-D-Galp-(1 —4)-3,6-An-o-D-
Gal). Modeling studies of carrabiose and some of its
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sulfated derivatives, which are the repeating units of (-,
k- and t1-carrageenan, have been carried out with sev-
eral methods that used either rigid or flexible
monomeric residues,®!”~!° Other disaccharides found in
carrageenans, such as neocarrabiose,'” 2! «-D-Galp-
(1 -3)-B-p-Galp,”>*® and their sulfated deriva-
tives,®1821:2324 hayve been modeled by molecular
mechanics and also by molecular dynamics.!*-*°

MM32%?7 is considered a useful force-field for carbo-
hydrates, given its considerations to hydrogen-bond
forces and anomeric and exo-anomeric effects.?®
Among others, Dowd et al. applied this force-field to
evaluate the potential energy surfaces of many disac-
charides.?” 32 In previous papers, we have presented the
conformational features of the AB repeating units of
carrageenans a-D-Galp-(1 — 3)-B-D-Galp,>>2423
neocarrabiose,?' and 17 of their sulfated derivatives,>"*
based on studies with the MM3 force-field parameter-
ized for sulfate as described by Lamba et al.” Herein,
we show the conformational energy surfaces of the BA
units: nine derivatives of B-D-Galp-(1 —4)-a-D-Galp
and six derivatives of carrabiose (Fig. 1), calculated
with the same force-field. By comparing these new
maps with the previous ones, the influence of the 3,6-
anhydro ring and the sulfate groups on the molecular
conformation of both disaccharidic repeating units of
carrageenans was determined.

2. Methods

The molecular mechanics program Mm3 (92) (QCPE,
Indiana University, USA), developed by Allinger and
co-workers was used.?*?” However, the MM3 routines
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were modified as suggested®® by changing the maximum
atomic movement from 0.25 to 0.10 A. The dihedral
angles ¢ and \ are defined by atoms O-5—-C-1-0-4-C

4 and C-5-C-4-0O-4-C-1', respectively, with the usual
sign conventions.”! Other papers dealing with
carrabiose conformations!®!%181 have used other defi-
nitions for these angles. On the other hand, ¢, and
are defined by atoms H-1-C-1-0-4-C-4 and H-4-C-
4-0-4-C-1’, respectively. In our previous work, we
have used exclusively those ¢,y hydrogen-related
angles.?! > However, it has been suggested® that it is
better to drive torsion angles in terms of non-hydrogen
atoms, given the different motions of the three atoms
during driven rotation and the inaccuracy of hydrogen
atom positions in diffraction studies. The orientation of
the hydroxyl hydrogens 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-6-0-6-H(O)-6, and ® by the atoms
0-5-C-5-C-6-0-6. Their values are described by one of
these eight one-letter codes:*> S for angles between
—30 and + 30°, g for 30-80°, p for 80-100°, e for
100-150°, T for 150-210°, E for 210-260°, P for
260-280°, and G for 280-330°. When a sulfate group
replaced a hydroxyl hydrogen, the same definition was
used.

MM3 parameters for the sulfate group were taken
from Lamba et al.,” and a dielectric constant of 3.0 was
used. In that model, the charge on the sulfate groups is
emulated by S—O bond dipoles. No cations were added.
To generate each map, for each compound, ca. 25-30
conformers in different regions of the ¢, space with
varied exocyclic groups orientation were chosen as
starting points. Those conformers were found using an
iterative method.?!?>* Minimization was carried out

Repeating unit
R' R2 R RYof carrageenan
1 H H H H
2 SO H H H
3 H SOy H H
4 SO;7 H SOy H £
5 H SO;y SOy H
6 SO H H SO5
7 H SOy H SOy p—
8 SOy H SO; SO5 A—
9 H SO; SO; SOy v—
R°® R¢ R’
10 H H H B-
OH 11 SOy H H
12 H SOy H K-
13 H H SO5 o-
14 SOy H SO;”  Alkali treated A-
15 H SO; SO5 -

Fig. 1. The disaccharides used in this work.
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by the block diagonal Newton—Raphson procedure for
grid points and using the full-matrix procedure for
minima. Using both the dihedral drivers 2 and 4, ¢ and
r were fully varied using a 20° grid. 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. The energy for each point was the
lowest of any of the 25-30 different minima obtained
previously. In this way, only the conformation of mini-
mal energy for each ¢,/ combination was recorded.
The conformational adiabatic maps, or energy surfaces
as function of ¢ and \ angles were produced. 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 vibrational enthalpies and entropies.

The absolute flexibility was calculated as described
by Koca and co-workers®®3” First, the energies 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 re-
gion, that with lower energy was considered. Then, the
absolute flexibility?®*7 & was calculated as:

o~ EilRT

n

P = _Zl W

i= e~ Ex/RT
kgl

« é(e_@_ Egn)/RT) <|¢,- - ¢/|7—;(J¢i - \l’/|>:|

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, the
&, angles are given in degrees, R is the universal gas
constant and 7' is the temperature (set to 25°C=
298.16 K).
The partition function was calculated as:?!
324

q=A¢ % Aw % Z e*(Ei*Egm)/RT

i=1

where A¢ and Ay are the grid spacings (20° each in this
case) and the summation is carried out over the entire
¢, surface (324 points). French and co-workers®® used
the name ‘““probability volume™ for this function.

3. Results

The conformational map of the disaccharide B-D-
Galp-(1 > 4)-a-D-Galp (1) calculated using MM3 was
obtained. This force-field, specially parameterized for

sulfated carbohydrates, was also used for the study of
some sulfated derivatives: in compound 2 the hydroxyl
group at C-2 of the B-galactose unit was sulfated, and
in compound 3, the hydroxyl group at C-4 of the same
unit was sulfated. Calculations were also carried out
with disaccharide 4 (sulfated on both positions 2), and
on compound 5, sulfated on O-2 of a-galactose and on
O-4 of B-galactose, and also on disaccharides 6 (sul-
fated on O-6 of a-galactose and on O-2 of B-galactose)
and 7 (sulfated on O-6 of a-galactose and on O-4 of
B-galactose, repeating unit of p-carrageenan). Finally,
the maps of compounds 8 and 9, which carry an
additional sulfate on O-6 of the a-galactose unit with
respect to 4 and 5, were also calculated. Structures 8
and 9 are the repeating units of A- and v-carrageenans,
respectively. The resulting maps are shown in Figs. 2
(1), 3(2,4, 6 and 8) and 4 (3, 5, 7 and 9), while the
geometric and energy data (steric and free energy) on
the minima are shown in Table 1.

All the maps have very similar shapes (Figs. 2—4),
with the global minimum in the A region (around
o, = —80°,140°), and other three minima. The B
minimum is very close in energy and geometry to the
global one, appearing around ¢,y = — 130°,110°, but
shifting to ¢,y = — 120°,80° for the compounds sul-
fated on position 2 of the B-galactose unit (Table 1).
The minimum C is located on the same ¢ trough, with
a \y angle close to — 70°. Finally, a fourth minimum in
the D region, with a ¢ value shifted in 180° from those
of the A-B-C minima appears with energies 2.5-6
kcal/mol above the global minimum. This region was

0 60 120 180 ¢ 240 300 360
—

180

120

0

Fig. 2. Conformational maps of compound 1, generated using
MM3. Iso-energy contour lines are graduated in 1 kcal/mol
increments above the global minimum.
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Fig. 3. Conformational maps of compounds 2, 4, 6 and 8, generated using MM3. Iso-energy contour lines are graduated in 1
kcal/mol increments above the global minimum. On compound 8 the star and the black dot represent the geometries of the global
minimum (Tripos force-field) and the expected helical conformation calculated by Le Questel et al..® respectively.

also observed with the corresponding a-linked disaccha-
rides, but its energy was very high.>> Most of the lowest
energy structures in each region had their hydrox-
ymethyl groups in a GT (w ~ 60-70°) orientation, al-
though, when a sulfate group on O-6 was present, the
exocyclic group was sometimes forced to a GG (v ~ —
60°) orientation.

The conformational map of carrabiose (B-D-Galp-
(1 ->4)-3,6-An-a-D-Galp, 10) was also calculated with
the same procedure, as well as those for some sulfated
derivatives: in compound 11 the hydroxyl group at C-2

of the B-D-galactose unit was sulfated, and in com-
pound 12, the hydroxyl group at C-4 of the same unit
was sulfated (repeating unit of k-carrageenan). Calcula-
tions were also carried out with the same compounds,
sulfated on position 2 of the 3,6-anhydrogalactose
unit (disaccharides 13, 14 and 15, repeating units of
a-, alkali-treated A-, and 1-carrageenans, respectively).
The resulting maps are shown in Fig. 5, while the
geometric and energy data on the minima are shown in
Table 2.

All the maps (Fig. 5) have shapes similar as those of
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the non-3,6-anhydro counterparts 1-9 (Figs. 2-4).
Again, the global minimum was in the A region (around
b, = —80°,170°), and the maps exhibit the other three
minima before mentioned. However, the B minimum
appears better defined, closer in energy, but farther in
geometry to the global one. The allowed surface (to 10
kcal/mol) appears larger (cf. Figs. 2—-4 with Fig. 5).
Besides, in the D region several minima (with ¢, ~
50°,150°, ¢, ~ 80°,180°, and ¢, ~ 60,120°) appear in
all compounds but 11. In Table 2 only those with the
lowest strain energy are shown. All of the low-energy

0 60 120

structures in each region had their hydroxymethyl group
in a GT (w &~ 60-70°) orientation.

The conformational partition functions (probability
volumes),*® absolute flexibilities and potential barriers
between minima A and B are shown on Table 3 for
disaccharides 1-15. Besides, the same functions were
calculated for their equivalent disaccharides with o-
(1 - 3)-linkage (AB disaccharides), for which maps
were previously determined.?!>* Table 4 shows the main
hydrogen bond arrangements determined for each of
the four minima in compounds 1-15.

360 ————————

180¢ 240 300 360
LA S e S e s —

0 60 120 180 ¢ 240 300 360
— 7 T T T T T T T T

360 —————————— T

0 I | 1 1 |

|

Fig. 4. Conformational maps of compounds 3, 5, 7 and 9, generated using MM3. Iso-energy contour lines are graduated in 1

kcal/mol increments above the global minimum.
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Table 1
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Torsion angles (°), relative strain energies and free energies (kcal/mol) and exocyclic angles for the minimum-energy conforma-
tions * obtained for sulfated derivatives of the disaccharide B-pD-Galp-(1 —4)-a-D-Galp, using the Mm3 force-field

b\ GV E. (G Exocyclic torsion angles ®

XaA3 X O)e 21223 WX

1 Region A —80,142 42,23 0.00 (0.00) Ggg eG GTg eG
Region B — 134,112 —15,—10 2.13 (2.44) Gegg eG GTg G

Region C —84,—171 39,173 5.55 (6.87) Ggg eT ggT eG

Region D 57,136 174,15 2.89 (4.93) Ggg eT ggT Gg

2 Region A —80,144 41,25 0.00 (0.00) Sgg eG GTg eG
Region B —117,80 4,—44 3.11 (4.05) Sgg G ggT G

Region C —84,-71 38,173 5.25 (6.87) Sgg gT ggT eG

Region D 79,163 —165,45 4.87 (6.40) Sgg eT geT eG

3 Region A —80,142 42,22 0.00 (0.00) GgS G GTg eG
Region B —133,112 —15,—-9 2.16 (2.35) GgS G GTg eG

Region C —84,—-72 38,173 5.38 (7.00) GgS eT geT eG

Region D 57,136 174,15 2.62 (4.71) GgS eT geT Gg

4 Region A —81,144 40,25 0.00 (0.00) Sgg eG 2Sg G
Region B —123,92 —3,-32 4.94 (4.36) Sgg G Sg eG

Region C —87,—69 35,175 7.14 (8.04) Sgg P ST eG

Region D 77,162 —167,44 4.75 (5.98) Sgg P ST G

5 Region A —80,141 41,22 0.00 (0.00) GgS ¢G 2Sg eG
Region B —135,112 —17,—10 1.96 (2.45) GgS G 2Sg eG

Region C —87,—170 35,174 6.30 (7.78) GgS G ST G

Region D 79,160 —164,42 3.21 (5.52) ¢GS gP ST eG

6 Region A —85,148 36,28 0.00 (0.00) Sgg G GTg GT
Region B — 114,79 7,—45 2.46 (4.46) Sgg G geT gE

Region C —85,—71 37,173 5.11 (7.05) Sgg eT geT eT

Region D 78,164 —165,47 6.03 (8.04) Sgg GG ggT gP

7 Region A —85,145 36,25 0.00 (0.00) GgS G GTg GT
Region B —152,117 —34,—4 295 4.11) GgS G GTg Ge

Region C —84,—-171 38,173 6.35 (6.43) GgS eT ggT ¢E

Region D 56,137 173,16 4.12 (5.23) GgS eT geT Ge

8 Region A —85,147 36,27 0.00 (0.00) Sgg eG gSg GT
Region B —112,85 9,—39 3.77 (4.92) Sgg G GSg gP

Region C —87,—69 35,175 7.03 (8.62) Sgg gP ST eT

Region D 77,162 —167,44 5.87 (7.14) Sgg P ST gP

9 Region A —88,144 33,24 0.00 (0.00) GgS G GSg GT
Region B —152,117 —35,—4 2.82 (4.89) GgS G Sg Ge

Region C —88,—69 34,175 7.32 (8.31) GgS P ST ¢E

Region D 79,160 —164,43 4.36 (6.92) ¢GS P GST G

# When the strain energy minimum and the free energy minimum structures are not the same, data shown corresponds to the

strain energy minimum.
® For nomenclature, see Methods.

4. Discussion

Previous papers®> 2* showed that the conformational
maps around the glycosidic bonds of a-D-galactopyran-
osyl-(1 - 3)-B-D-galactopyranose and its  sulfated
derivatives have three main energy minima, suggesting
substantial conformational flexibility for the glycosidic
linkage. The three minima occur in a trough with an
almost constant ¢y in near the g= conformation as an
expected expression of the exo-anomeric effect. Usually

the minimum called B (with \s;; in near g~ conforma-
tion) was the global minimum, with small energy differ-
ences with the so-called minimum A (in which \r; has
positive values). Sulfation on the B-D-galactose unit led
to a deepening of the well at the B region when occurs
on position 2, whereas it shifts the global minimum to
the A region when occurs on position 4. This effect
agrees with the expectations from the '*C NMR chemi-
cal shifts of the polysaccharides containing those re-
peating units.”* Further work, in which the
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a-D-galactose unit has been replaced by its 3,6-anhydro
derivative, showed similar maps and sulfation effects,
although a greater flexibility of the glycosidic linkage
was also observed.?!

The potential energy surface of B-D-galactopyranosyl-
(1 - 4)-a-D-galactopyranose (Fig. 2) shows two perpen-
dicularly intersecting low-energy troughs, as occurs with
other [-linked disaccharides studied with the same
force-field® and also with the corresponding C-disac-
charides.* The trough aligned with the \-axis shows ¢y
in a near-g* conformation, the expected expression of
the exo-anomeric effect, while the perpendicular trough
is centered on an eclipsed \;; angle. Minimum A, which
is close to the crossing of both troughs (¢, = —
80°,142°; ¢y, = 42°,23°), is the global one. Very close
in geometry, minimum B is 2 kcal/mol less stable (Table
1). Minimum C, within the same vertical trough is much
less stable, even less than for the a-linked compounds,
while a “horizontal” walk gives rise to a low-energy
minimum D, about 3 kcal/mol above the global one.

Table 2

The flexibility of the glycosidic linkage has been
measured in terms of a partition function®' (probability
volume®®), which is highly dependant on the energy
differences between the minima A and B, as its magni-
tude is very sensitive to the size of the regions of the
map with very low-energy.*® Thus it is highly influenced
by the entropy of the global minimum. Another
parameter, which has been applied to carbohy-
drates,?®3740 is the “absolute flexibility”’, which gives an
indication of the conformational interconversions of the
lower energy minima, and is very sensitive to the height
of their lower potential barriers. A marked increase in
flexibility (by either parameter) is observed when pass-
ing from the disaccharides containing o-galactose to
those containing 3,6-anhydrogalactose (Table 3). It was
previously predicted that equatorially linked disaccha-
rides are more flexible than those carrying at least one
axial bond.*! Such a trend was shown to hold in many
cases,*®4° and can explain the enhanced flexibility: for
the non-3,6-anhydro disaccharide (a-D-galactose with

Torsion angles (°), relative strain energies and free energies (kcal/mol) and exocyclic angles for the minimum-energy conforma-
tions * obtained for sulfated derivatives of the disaccharide B-D-Galp-(1 —4)-3,6-An-a-D-Galp, using the Mm3 force-field

b\ [oIFR\ E.., (G.) Exocyclic torsion angles °
Lo X3 X4 )¢ X2
10 Region A —81,168 40,44 0.00 (0.00) Ggg eG GG
Region B —91,77 31,—51 0.84 (0.59) Gegg eG GG
Region C —72,—46 52,—169 6.77 (8.14) Ggg eG GG
Region D 77,—176 —166,62 4.50 (5.06) Ggg eG GG
11 Region A — 84,168 37,44 0.00 (0.00) Sgg eG GG
Region B —92,77 29,—51 1.24 (1.00) Sgg G GG
Region C —172,—46 51,—169 7.25 (8.57) Sgg eG GG
Region D 55,157 173,33 4.81 (5.56) Sgg eG GG
12 Region A —81,168 40,44 0.00 (0.00) GgS eG GG
Region B —90,78 32,—50 0.89 (0.53) GgS eG GG
Region C —72,—47 52,—170 6.71 (8.22) GgS eG GG
Region D 81,—176 —162,62 3.65 (4.39) eTS eG GG
13 Region A —179,169 43,45 0.00 (0.00) Gegg eG TS
Region B —90,78 32,—51 1.12 (0.95) Ggg G TS
Region C —71,—47 52,—170 6.85 (8.40) Ggg eG TS
Region D 46,146 165,20 3.05 (4.98) Ggg gP TS
14 Region A —83,169 38,45 0.00 (0.00) Sgg eG TS
Region B —94,77 27,—52 1.23 (1.00) Sgg eG TS
Region C —72,—47 51,—170 7.21 (8.69) Sgg eG TS
Region D 46,151 164,25 3.21 (5.82) Sgg gP TS
15 Region A —78,170 43,45 0.00 (0.00) GgS eG TS
Region B —93,76 28,—52 1.15 (2.26) TS eG TS
Region C —71,—47 52,—170 6.71 (8.37) GgS eG TS
Region D 84,—177 — 159,61 2.15 (4.83) gTsS ¢G TS

2 When the strain energy minimum and the free energy minimum structures are not the same, data shown corresponds to the

strain energy minimum.
® For nomenclature, see Methods.
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Table 3

Conformational partition functions ¢ (deg?), absolute flexibil-
ities @ (x 10*) and lowest potential barriers Ey,, (E1s— Egp)
between minima (kcal/mol) for 1-15, using the MmM3 force-
field. For comparison purposes, the same data for the equiva-
lent (1 — 3)-linked AB units is given *

Disaccharide = BA AB
q @ Ebarr q @ Ebalrr
1 880 27 2.2 1510 23 2.0
2 860 2.0 3.7 870 1.8 3.7
3 890 25 2.2 570 8.1 22
4 610 03 49 700 1.1 4.0
5 980 32 2.0 730 11 2.1
6 920 81 29 870 0.6 44
7 1140 1.1 39 530 25 35
8 660 1.6 3.9 850 04 4.6
9 1170 3.1 3.3 590 50 32
10 1210 68 1.4 2140 258 0.5
11 1050 43 1.7 1040 6.8 3.0
12 1200 65 1.4 1320 143 0.9
13 1330 44 1.7 2100 226 0.4
14 1290 33 1.9 1090 8.7 2.7
15 1430 42 1.7 1780 175 0.7

2 The data for the AB units was recalculated from the maps
given at Refs. 21 and 24, corrected when necessary.

4C, conformation), the glycosidic oxygen is connected
by an equatorial (C-1") and an axial (C-4) bond, while
in carrabiose (the 3,6-anhydrogalactose takes the 'C,
conformation) both bonds become equatorial. The
same effect occurs with the a-linkage®' and also ex-
plains its enhanced flexibility (Table 3). A concomitant
factor leading to an increased flexibility is the change of
the C-3 substituent from the equatorial to the axial
position. Bulky equatorial substituents vicinal to the
glycosidic bond are also known to decrease the
flexibility.?!-40-41

Sulfation does not change the gross features of the
map. Table 5 shows the (grossly additive) effects of
sulfation on the energy differences between minima. It
is shown that sulfation on position 4 of the B-D-galac-
tose unit has almost no effect on relative energies and
flexibilities (Tables 1 and 3, cf. 1 and 3), as expected
from its remoteness from the linkage. In those 4’-sul-
fated disaccharides, sulfation on position 2 of the o-D-
galactose unit showed neither effect (Tables 1 and 3, cf.
3 with 5, and 7 with 9), but sulfation on position 6 of
this unit lowers the stability of the B and D conformers.
Therefore, the simultaneous presence of sulfate groups
on O-4" and O-6 produce a decrease in flexibility as
computed by @ (given its higher energy barrier), as well
as an increase for the partition function, due to the
decreased free energy of minimum A (Table 1). The
potential energy surfaces of the 4’-sulfated compounds

(Fig. 4) are very similar to those of the non-sulfated
disaccharide (Fig. 2). The presence of a sulfate group
on position 2 of the B-D-galactose unit also lowers the
stability of the B and D conformers. This can be
rationalized on the basis of the loss of the hydrogen
bonding interactions of H(O)-2" with O-6 (in minimum
B) and with O-3 (in minimum D, see Table 4). The
flexibility indicated by the @ parameter is also de-
creased (Table 3), as expected for a bulky equatorial
substituent vicinal to the glycosidic bond.?!*%#! This
effect is enhanced by a sulfate on O-2, and decreased by
a sulfate on O-6 (Table 3), as expected from their effect
on the relative energies of minima A and B (Table 5).
The decrease in stability of the D minima is clearly
observed in the maps (Fig. 3), as the D region appears
as an ““island” in the 10 kcal contour. A further de-
crease of the D stability is produced by sulfation on O-6
(Table 5, Fig. 3). On the other hand, sulfation on O-2
produces a clear destabilization of minima B and C,
which cannot be explained in terms of hydrogen bond-
ing (Table 4). As explained earlier, sulfation on posi-
tions 2 and 4 of the p-D-galactose unit had
counteracting effects on the relative stabilities of the
minima A and B when considering the o-linkage.?*
These effects are also shown on the last column of
Table 5 and are easily explained on the basis of the
proximity of those groups to that glycosidic linkage. As
expected, the present work shows that the effects of
sulfation on the relative energies of A and B for the
linkage are smaller and mostly due to sulfation on the
closer hydroxyl groups on C-2" and C-6. Sulfation on
C-2 has also an effect on this difference only when C-2’
is also sulfated (Tables 1 and 5).

Replacement of the a-galactose unit by a 3,6-anhydro
ring (compound 10) does not change either the overall
shape of the map. However, a quick observation indi-
cates that the allowed surface below 10 kcal is greatly
increased (Fig. 5). On the other hand, the minimum A
appears now clearly differentiated from the B one (with
a 100° difference in ), but with an energy difference
lower than 1 kcal/mol (Table 2) and an energy barrier
between them of only 1.4 kcal/mol (Table 3). As ex-
plained earlier (see Results section), in the D region
three different minima were found. The influence of
sulfation on the B-unit on the relative energies is negli-
gible (Table 5, Fig. 5, cf. 10, 11 and 12). Previous
work?! has shown a marked influence of sulfation on
position 2, and a minor one (of inverse sign) on posi-
tion 4 on the relative stabilities of the two main minima
when considering the o linkage (AB maps, Table 5),
which has also reflected in the flexibilities (Table 3).
Moreover, sulfation on position 2 of the 3,6-anhydro-
galactose unit has a negligible effect on the relative
stabilities of minima A, B and C, but has a stabilizing
effect on minima D (Table 2 and 5), which can be
rationalized on the basis of the stabilizing effect of the
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hydrogen bond between H(O)-6" and O(S)-2 (Table 4).
On the o linkage, sulfation on position 2 of the 3,6-an-
hydrogalactose unit had only a significant effect on the
relative energies of the main minima when the B-D-
galactose unit is 4-sulfated.?! The derivatives of
carrabiose 10—15 showed almost constant values of
flexibility (Table 3). A small increase in the partition
function values are produced by C-2 sulfation, and a
small decrease by C-2' sulfation. Both C-2 and C-2’
sulfation produce small decreases in the absolute flexi-
bilities, given their higher (+ 0.3 kcal/mol) potential
barriers. Their o-linked counterparts, neocarrabiose
and derivatives, are more flexible (Table 3) only when
the B-D-galactose unit is not sulfated or sulfated on
position 4.

The arrangements of hydrogen bonds (Table 4) may
help to explain the relative stabilities of some minima
(see above), but many cannot be explained by this
factor. The need of calculating free energies was dis-
cussed in previous papers.’’*> MM3 (94) free energy
calculations for carbohydrates were validated by com-
parison with ab initio molecular orbital calculations.*
The effect of calculating free energies has not changed

Table 4

the overall conclusions made previously, but has al-
lowed us to determine some trends: (a) for compounds
carrying 3,6-anhydrogalactose (but for 15) minimum A
is still the global minimum, but the relative free energy
of B is lower (Table 2), while for the non-3,6-anhydro
compounds 1-9, minimum A appears even more stabi-
lized than B (Table 1); and (b) minima C and D are less
favored when free energies are calculated in all the
instances, as occurred with the equivalent o-linked
disaccharides.?!

The quality of the fiber diffraction patterns for A-
carrageenan®* is too poor for structure determina-
tion.®!2 The geometric features of the helices calculated
for this polysaccharide® yield ¢, values of — 50°,180°,
i.e., in the A region. The rigid-residue analysis of Le
Questel et al.,® also gave the global minimum in the A
region (Fig. 3), although their maps showed reduced
flexibility and a different shape of the minimum energy
region. For compounds containing 3,6-anhydrogalac-
tose, more studies have been carried out: the X-ray
crystal structure for peracetylated carrabiose dimethyl
acetal'® shows ¢, angles of —92°,72°, i.e., very close
to our minimum B (¢, = —91°,77°), for which the

Hydrogen bond arrangements with energies higher than 0.6 kcal/mol, established in each minimum energy region for the fifteen

compounds under study

All minima Min. A Min. B Min. C Min. D
1 H(0)-2-0-3 H(0)-3-0-% H(0)-3-0-5" and
H(0)-2-0-6
2 H(0O)-3-0-5" and H(0O)-3-0-5" and
H(0)-3-0O(S)-2' H(0)-3-0O(S)-2'
4  H(O)-3-0O(S)-2 H(0)-3-0O(S)-2 H(0)3-0(S)2 H(0O)-3-0O-5" and H(O)-3-0O-5" and
H(0)-6'-O(S)-2 H(0)-6'-O(S)-2
6  H(O)-3-0(S)-2 H(0)-6'-0O(S)-6 H(0)6'-O(S)6 and H(0)-3-0-% H(0)-3-0-5" and
H(0)3-0(S)2 H(0)-6-0-4
8  H(0O)-3-0O(S)-2 H(0)-3-0(S)-2 H(0)3-0(S)2 and H(0O)-3-0-5" and H(0O)-3-0-5" and
H(0)6'-O(S)6 H(0)-6'-0O(S)-2 H(0)-6'-0O(S)-2
3 H(0)2'-03 H(0)-3-0-% H(0)-3-0O-5" and
H(0)-2-0-6
5 H(0)-3-0O(S)-2 H(0)3-0(S)2 and H(0)-3-0-5" and H(0)-3-0-5" and
H(0)2'-03 H(0)-6'-0(S)-2 H(0)-6'-0(S)-2
7 H(0)-6'-O(S)-6 H(0)6'-O(S)6 and H(0)-3-0-% H(0)-3-0-5" and
H(0)2'-03 H(0)-2-0-6
9 H(0)-3-0O(S)-2 and H(0)3-0(S)2, H(0)-3-0-5" and H(0)-3-0-5,
H(0)-6'-0O(S)-6 H(0)6'-O(S)6 and H(0)-6'-0O(S)-2 H(0)-6'-O(S)-2 and
H(0)2'-03 H(0)-3-O(S)-4
10 - H(0)-6-0-6
11 H(0)-3-0(S)-2’ H(0)-6'-0-6
12 H(0)-6-0-6 H(0)3'-0O(S)4
13 H(0)-6-0-6 H(0)6'-0O(S)2
14  H(0)3-0(S)2 H(0)-6'-0-6 H(0)6'-0(S)2
15 H(0)3'-0O(S)4' H(0)-6'-0-6 H(0)3-0(S)4'
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Table 5

Effects of sulfation on the energy differences (kcal/mol) between minima in BA and AB maps

Effect BA maps AB maps *#
Eg—E, Ec—E\ Ep—E\ Ec.—Ey Eg—E,

For [-D-Galp-(1 - 4)-a-D-Galp

On 2 of B-Gal +1.0 —0.3 +2.0 —0.7 —1.7

On 4 of B-Gal 0.0 —0.2 —0.3 —0.2 +2.1

B-2-sulfated

On 2 of a-Gal +1.8° +1.9 —0.1 +0.1°¢ —04

On 6 of a-Gal —0.7% +09¢ +1.2 +0.5¢ —1.3

B-4-sulfated

On 2 of a-Gal —-0.2 —0.14 +0.6° +1.1 —0.8"

On 6 of a-Gal +0.8 +1.0 +1.5¢ +0.2 +0.5°

For p-p-Galp-(1— 4)-3,6-An-o-D-Galp

On 2 of B-Gal +0.4 +0.5 +0.3 +0.1 —2.8

On 4 of B-Gal 0.0 —0.1 —-0.9 —0.1 +0.8

On 2 of 3,6-AnGal ~+0.1 ~0.0 ~—1.5 ~—02 ~0.0/—13"

¢ Calculated from data on Ref. 24 (corrected).

® An additional of 0.5 should be subtracted if both sulfates on 2- and 6- are present.
¢ An additional of 1.0 should be subtracted if both sulfates on 2- and 6- are present.
4 An additional of 1.0 should be added if both sulfates on 2- and 6- are present.
¢ An additional of 0.4 should be subtracted if both sulfates on 2- and 6- are present.
" An additional of 0.5 should be added if both sulfates on 2- and 6- are present.

€ Calculated from data on Ref. 21.

" The —1.3 value applies to compounds sulfated at position 4.

calculated strain energy is 0.8 kcal/mol above that of
minimum A. Free-energy calculations shorten this dif-
ference to 0.6 kcal/mol. Fiber diffraction analysis of 1-
and x-carrageenan made about 30 years ago'®~!'? indi-
cate ordered conformations with ¢,y angles at —
87°,81° (adjusted to — 87°,94° in a further refinement')
and — 97°,108°, respectively. Recent studies'*'* on the
sodium and calcium salts of i-carrageenan confirmed
the previous helical models,'® yielding ¢,| angles of
—89°,109° (sodium salt!'®) and —91°,104° (calcium
salt'¥). These geometries also correspond to the B re-
gion (Fig. 5), which is not the one detected preferen-
tially by mm3, although with this force-field, the B
minimum is very close in energy with the global one. It
should be borne in mind that these geometries corre-
spond to the ordered polysaccharide, where packing
forces, inter- and intramolecular bonding can offset
weaker forces present in the disaccharide. Moreover,
NOE data on the glycoside of compound 12 showed
that a conformation similar to that of the A minimum
prevails in solution.!” The present work shows that
MM3 has detected precisely this region and hydrox-
ymethyl orientation as the minimum-energy one, al-
though not far in energy from the B region. The
calculated torsional angles for the sulfate groups
(Ou cnoms) also match those determined by fiber
diffraction analysis of t-carrageenan.!*'* Force-field

calculations have been carried out with compounds 10,
12 and 15. The PFOS/MM2 approach for 10 yielded
several minima in the A region, and a high-energy one
(9 kcal above) in the B region.!” The authors have
wrongly considered the conformation of the calculated
minimum similar to that of the solid state,'® due to a
mistake in the angles convention.'” The work by Ueda
et al." with 10 using a CHARMM-type force-field
indicated A as the global minimum, very close in energy
to those of B, D and two unidentified regions. The
application of molecular dynamics with the same force-
field led to a conformation in an unidentified region
(Fig. 5) most of the time, in order to keep a helical
structure.'® The rigid-residue analysis of Urbani et al.'®
for 12 showed more flexibility around the A—B region
than for the o linkage. Although no numeric data is
available, the maps show A as the global minimum,
followed closely by D and B.'® Le Questel et al®
analyzed 12 and 15 using the Tripos force-field. Their
maps showed a sharply different shape of the minimum
energy region, which just extends “horizontally”, prob-
ably as a result of an incomplete consideration of the
exo-anomeric effect. For 12, five minima appear within
1 kcal/mol: three are close to region D (one of them,
the global one, Fig. 5), while the other two appear not
far from regions A and B.® For 15, a similar map is
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observed, although the A-like minimum becomes the
global one. As occurred with neocarrabiose and deriva-
tives,”’ MM3 predicts an energy probably closer to
reality for those conformers. It was previously ad-
dressed that the P linkage of carrageenans is more
difficult to model than the o linkage, due to the larger
number of low-lying conformations potentially accessi-
ble.*> The proximity in energy between the A and B
regions in both cases makes it impossible to ascertain
that either is predominant by just using computer mod-
eling. Subtle factors in the force-field parameterization
may lead to wrong conclusions if these small energy
differences are intended to make conclusive.

The strong influence of the sulfation on positions 2
and 4 of the B-D-galactose unit on the conformational
features of the o linkage*'* was used to explain the
strong chemical shift displacements of the '*C NMR
signals corresponding to C-1 of the 3,6-anhydro-o-D-
galactose unit of a 1-carrageenan with respect to that of
an alkali treated A-carrageenan,*® as well as that of the
C-1 of an o-D-galactose unit of v-carrageenan with
respect to A-carrageenan.*®**’ This was rationalized on
grounds of their main minima being in different re-
gions.?* This work shows that the B-glycosidic linkage
suffers less conformational influence by sulfation of the
o-unit, as the calculated minimum remains the same,
notwithstanding the sulfation pattern. As expected, the
13C NMR signals corresponding to C-1 of the B-D-
galactose units of different carrageenans experience al-
most no effect by the sulfation pattern of the
a-D-galactose units.*®
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