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ABSTRACT

Relaxed-residue energy maps based on the MM3 force field were computed for
the methyl glycosides of eight C-linked D-glucosyl disaccharides: the two-bond axial-
equatorial linked disaccharides p-kojibioside [(1—»2)a-], B—nigeroside [(1—3)a—] and
B-maltose [(1-4)a—], the two-bond equatorial-equatorial linked disaccharides
B—sophoroside [(1—2)B-], B-laminarabioside [(1—3)B-], B-cellobioside [(1—4)B-]
and the three-bond-linked (1—6) disacharides C-isomaltoside and C-gentiobioside.
Optimized structures were calculated on a 20° grid spacing of the torsional angles about
the C-glycosidic bonds and the final isoenergy surfaces were based on 11664
conformations, for the two-bond-linked disaccharides and 69984 conformations for the
three-bond-linked disaccharides. Boltzmann-weighted 3] coupling constants were
calculated and compared to the experimental values. They are satisfactory except for
maltose where hydrogen bonds cause an over-estimation of the energy differences
between the conformers. The energy maps are similar to maps of the corresponding O-
disaccharides, but there are differences in the locations and the relative energies of the
minima. The preferred conformations of the C-glycosidic bonds are as if they were
conforming to the exo-anomeric effect but are closer to staggered conformations than
shown by the MM3 results for the O-linkages.

1319

Copyright © 2000 by Marcel Dekker, Inc. www.dekker.com



07:18 23 January 2011

Downl oaded At:

1320 MIKROS, LABRINIDIS, AND PEREZ

INTRODUCTION

Disaccharide analogues in which the glycosidic oxygens are replaced by a
methylene group have been the subject of widespread interest both as carbohydrate
mimics as well as potential enzyme inhibitors. The first synthesis of a C-disaccharide,
namely, B(1—6)-C-disaccharide (B-D-Glcp-CH, (1—6) a-D-Glcp-OMe), was performed
by Rouzaud and Sinaj.? Since then, several approaéhes to C-disaccharides and analogues
have been reported.®

That work contributed to the renewal of the relationship of carbohydrate
chemistry to glycobiology. Oligosaccharide mimics are potential inhibitors for the
biosynthetic pathways to glycoproteins. They may find applications as antibacterial,**
antiviral,*® antitumoral® or fertility control agents‘m as well as inhibitors of a-amylases,*
sucrase and maltase* Because of such a broad range of potential applications, the
preferred conformations of C-disaccharides have been the subject of several
investigations. In a number of contributions,” Kishi and coworkers have postulated that
the C-disaccharides mimic the conformational behavior of the comresponding O-
glycosides. These conclusions are based on a semiquantitative analysis of NMR data,
mainly coupling constants. However, conformational differences between C- and O-
glycosides have been claimed to occur in the case of lactose when investigated via the
combination of NMR NOE and J data) and molecular mechanics calculations.® This‘was
further exemplified by the study of the bio-active conformation of C-lactoside bound to
ricin-B™ and B-galactosidase.”™ ' '

In this study, molecular mechanics calculations have been used to study the
conformational characteristics of C-disaccharides having: two-bond-a-linked glucose
residues, kojibioside (a-D-Glcp-CH; (1-2) B-D-Glcp-OMe) (1), nigeroside (a-D-Glcp-
CH; (1-3) 8-D-Glcp-OMe) (2), maltoside (a-D-Glep-CH; (1—4) B-D-Glcp-OMe) A3);
the corresponding two—bond-ﬁ-linked sophoroside (B-D-Glep-CH, (1-—2) B-D-Glep-
OMe) (4), laminarabioside (B-D-Glcp-CH; (1—3) p-D-Glcp-OMe) (5), cellobioside (-
D-Glcp-CH; (1—4) B-D-Glcp-OMe) (6); and three-bond-linked glucose residues,
isomaltoside (a-D-Glcp-CH, (1—6) B-D-Glcp-OMe) (7), in the o configuration, and
gentiobioside (B-b-Glcp-CH, (1—6) B—D-Glcp-OMe) (8), in the B configuration (Fig 1).

The investigation of the conformational features of C-disaccharides provides a way to
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Figure 1. Schematic representation of the eight C-disaccharides, along with the torsional
angles of interest.

study the steric interactions around the glycosidic linkages of carbohydrates, in the
absence of electronic stabilization arising from the exo-anomeric effect. Comparisons are

made between the modeling results for C- and O-disaccharides.

RESULTS AND DISCUSSION

Nomenclature
_ Labeling of the atoms follows the [IUPAC Nomenclature for Carbohydrates.® The
carbon atom at the C-glycosidic bond is labeled Ca, whereas the two hydrogen atoms are

labelled HoR and HasS, correspondihg to the proR and proS assignments, respectively.
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The torsion angles around the glycosidic linkage (Fig. 1) for the (1-2), (1-3)
and (1—4)-disacharides are defined as (Scheme 1):

@ = 05-C1-Ca-C; ;¥ =Cl'-Ca-Ci-Ci+

where i= 2, 3, 4, depending on the disaccharide studied.’

The orientations of the hydroxymethyl groups are referred to as either gauche-
gauche (gg), gauche-trans (gt) or trans-gauche (tg). In this terminology, the dihedral
angle 05-C5-C6-06 is considered first and the dihedral angle C4-C5-C6-06 is considered
second.

In the case of (1—56) C-disaccharides, the following definitions are used
(Scheme 2): '

@ = 05-Cl'-Ca-C6; ¥ =C1'-Ca-C6-C5 and Q = Ca-C6-C5-05

Computational Methods.

The confonﬁationél behavior of the eight C-disaccharides was investigated using
the MM3 force field.!! This is a highly detailed force field, which in addition to the
classical terms, includes anisotropy of hydrogens, corrections for stereoelectronic effects,
cross-terms such as torsion-stretch, torsion-bend and bend-bend interactions, a
Buckingham-type potential for nonbonded interactions and explicit terms for hydrogen
bonding. This force field has been compared favorably to other molecular mechanics
force fields'? and has been successful in modeling many disaccharides. The single

exception appears to be sucrose, where inadequate parameterization for overlapping
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anomeﬁc effect has been claimed to cause error in the calculated energy. MM3, and most.
other force fields have not performed well with the hydroxymethyl group.”®

Thirty-six starting structures were used at each ®, W point for each C-
disaccharide having two-bond-linked glucose residues. Taking the gg, gt and 1g
conformers of both hydroxymethyl groups into account yielded 9 combinations.. The
starting positions of the secondary hydroxyl groups were set as ¢ (clockwise) or r
(anticlockwise), resulting in four combinations: cc, cr, rc and rr. The relaxed maps were
computed using rigid rotation followed by harmonic constraint minimization in 20°
increments for @ and ¥ spanning the whole angular range. This approach resulted in the
minimization of (18 x 18 x 9 x4 = 11664) conformations for each disaccharide. For each
of the three-bond linked disaccharides, 216 starting structures were calculated as the
third torsional angle, Q, was varied in 20;’ increments over its full angular range.
Therefore, 69984 conformations were minimized for each disaccharide. The bulk
dielectric constant (¢) was set to 4.0 as this intermediate value models the crystalline.
glucopyranosyl ring better than either & = 1.5 (vacuum) or & = 80 (water).!* Convergence
was accepted when the iterative decrease in energy AE was less than N x 0.00008
kcal/mol, where N was the number of atoms in the molecule. From these relaxed energy
maps, adiabatic surfaces were built by selecting the lowest energy structure for a given @,
¥ point.

For each local low-energy region of a map, the conformation that contributed the

lowest energy grid point was submitted to a further, non-restricted full matrix
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minimization in order to find the local minimum. If the structure remained within the
local well, the lowest energy structure was taken as the local minimum structure. Usually,
the final locations of minima were found within the local regjons, although they could
have torsional angles several degrees removed from those of the grid-point structure.

Coupling constants, *Jyy for vicinal hydrogen atoms of a H-C-C-H segment were
calculated using a Karplus type equation'® with Haasnoot-Altona parameterization.'® It
accounts for the J dependence on the dihedral angle of the H-C-C-H fragment, and on the
electronegativities and orientations of the o and 8 substituents. The derived general form
of the Altona equation used here was:

3Jo = Acos(26) + Bcos(B) + Csin(26) + D

where 6 corresponds to the different dihedrals : ®(R), O(S) ... Q(R), Q(S)

The parameters A, B, C and D for the kojibiose, nijerose and maltose torsional

angles are as following:
OR) @) YR) H(O

A 4.781 4.781 5.356 5.356.
B -0.990 -0.9%0 -0.9%0 -0.990
Cc 1.157 0950 -0.104 0.104
D 5912 5912 6.232 6.232

The corresponding parameters for sophorose, laminarabiose and cellobiose are:
PR) D) VYR (O

A 4781 4.781 5.356 5.356
B -09%0 -0.990 -0.990 -0.990
Cc -0.950 -1.157 -0.104 0.104
D 5.912 5.912 6.232 6.232

Finally the parameters used for the (1—6) disaccharides are:

a) C-isomaltose

OR) D) YERR) YRS) Y(SR) YES) QR QS)
A 4781 4781 6.535 . 4781  4.781
B -0.990  -0.990 -0.730 -0.990  -0.990
o) -0.950  -1.157 -0.073 -0.950 -1.157
D 5912 5912 -6.675 5912 5912
b) C-gentiobiose

OR) D) YRR) YRS) YER) ¥ESS) QR) QS
A 4781  4.781 6.535 4781  4.781
B -0.950 -0.990 -0.730 -0.990  -0.990
c 0950  1.157 -0.073 -0.950 -1.157
D 5.912 5.912 -6.675 5.912 5.912

Because macroscopic properties arise from the balanced contribution of each

element of an ensemble, averaging of *J coupling constants was performed on the total
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population of 11664 conformers in the (1-2)-, (1-3)- and (1—4)-disaccharides and the
69984 conformers in the (1—6) disaccharides. Assuming that the entropy differences

among the different conformers are negligible, the probability P; of the ith conformer

depends upon its relative energy E; : P; = exp(-E/RT) / Z (exp(-E/RT)). Ensemble

averages were calculated from the distribution according to <*J>=2P; J,

For each disaccharide, the <*J> coupling constants were calculated and compared

to the experimental values when these were available from the literature.

Conformational analysis

TWO-BOND, a-LINKED, AXIAL-EQUATORIAL C-DISACCHARIDES.

C-kojibioside - The MM3-generated adiabatic map of C-kojibiose {a-D-Glep-CH,
(1-2) B-D-Glcp-OMe) is shown in Fig. 2. A deep trough of low energy conformations
runs in the W-direction and is centered about the perfectly staggered conformation at & =
60°. The four minima, the three lowest of which are from this trough, are displayed in
Fig. 2. Their conformational features, and steric energy values are listed in Table 1. The
global minimum (A) is located at ®, ¥ = 77 .3°, -73.8°; it is stabilized by an inter-
residue hydrogen bond between O-3 and O-5'. Conformer B occurs at ®, ¥ = 58.9°, -
161.0°. A small energy difference exists between these two conformers. Two additional
minima with relatively higher energies are found. One of these (C) is a shallow
depression with each of the glycosidic torsional angles close to perfectly staggered
positions with &, ¥ = 175.5°, -58.3°. This conformation is less than 2.0 kcal/mol higher
than the global minimum. It is stabilized an inter-residue hydrogen bond between O-2'
and O-3. The other conformer (D) exists at perfectly staggered conformation in @, with
¥ close to 40°.

Almost all the initial orientations of the hydroxymethyl groups are represented on
the final map (Table 2) but the gfgr orientation contributes more than 86% of the lowest
energy structures. The cc, rc and rr orientations are favored to similar extents. The MM3-
generated map of O-kojibiose was reported previously."” Similarities and differences
between the O- and C- disaccharides can be found. The general map characteristics are
similar. This is not unexpected since the aspects of the outer contour reflect the

importance of the axial-equatorial glycosidic linkage in determining conformation.
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Figure 2. Adiabatic relaxed map of C-kojibiose, C-nigerose and C-maltose in the
MM3(92) force field as a function of the ® and ¥ glycosidic torsion angles. Iso energy
contowrs are drawn in 1 kcal/mol intervals out to the 8 kcal/mol from the global
minimum. The lowest energy conformation of each domain has been represented by a

ball and stick model, and its location is indicated on the map. @' and ¥ stands for the
dihedral angles H1'-C1'-Ca-Ci (i=2, 3, 4) and Hi-Ci-Ca—Ci', respectively.
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Table 1. Energy minima for MM3-generated relaxed-residue analysis of two-bond-linked
disaccharides. Comparison with correspondent O-glycosides'"*

Disaccharide C-Glycosides O-Glycosides
Confor Locationof Energy Rel. Locationof Energy Rel.
mer Minimum Energy  Minimum Energy
) b4 ) ¥ Kcal/ mol
Kojibiose A 773 -73.8 3243 0.00 8.2 -780 20.78 0.00
B 589 -160.6 32.89 046 853 -1464 2223 145
C 175.5 -583 3434 191 1775 -569 2464 667
D 606 39.5 3459 216 929 679 2745 3.86
Nigerose A 587 805 3340 000 848 1180 2249 077
B 77.1 1637 3392 052 840 1663 2142 0.00
C 77.8 -594 3399 059 970 -53.6 2447 3.05
D 1752 -1794 3461 121 1770 1833 2622 480
Maltose A 541 -1746 3185 000 66.0 -1674 2205 0.00
B o3 627 3295 110 920 695 2474 269
C 1427 -96.7 3455 270 1206 -963 24.09 204
91.7 1475 2222 0.17
Sophorose A -57.1 -62.1 2978 0.00 -72.0 -1283 2145 0.00
B -78.1  57.0 2997 0.19 -84.8 492 2273 1.28
Cc 73.7 -749 3043 0.65
D -62.8 -138.1 3078 1.00 -86.0 -1634 2148 0.03
E 58.8 -119.1 3162 1.84 598 -110.7 2325 1.80
F -167.0 -175.0 31.70 192
G 657 75.8 3330 352
Laminarabiose A -814 623 2953 0.00 -850 78.0 20.15 0.00
B -564 1779 2982 0.29 -720 111.0 20.18 0.03
C -79.2 -60.7 3065 1.12 -83.8 -71.2 2376 3.61
D 739 1643 3153 200
E 1594 101.8 31.80 227
F 604 1199 3207 254 573 1324 2434 4.19
G 629 -422 3308 355
Cellobiose A -63.5 639 2960 000 -856 523 2234 208
B -80.0 -179.6 3032 0.72 -84.0 -1662 2026 0.00
C 59.8 -119.7 30.54 094 594 -119.2 2385 3.59
D -63.4 -99.0 3057 097 -69.5 -130.7 2029 0.03
E  -159.0 -1580 31.86 226
F 61.35 81.25 33.71 4.11
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Table 2. Starting structures contributing to MM3-generated relaxed-residue ®,¥
disacharide maps.

Disaccharide Complete Map Lowest 8 kcal/mol
Hydroxy-  Secondary % Area  Hydroxy-  Secondary

Methyl Hydroxyls  of map methyl hydroxyls

Sophorose gggt 1.85% cc 12.96% 62.04%  gggt 049% cc 8.45%
gigg  031% o 40.12% gigt  94.52% o 36.81%
gigt  91.36% rc  2438% iggr  497% ¢ 26.86%
gl 1.23% i  2253% T 27.86%
1ggt  5.25%

Laminarabiose &gg? 3.08% cc 13.58%  59.87%  gggt 1.03% cc 1237%
gigg  216% o 37.65% gigg  1.03% cr  3505%
gfgt  9228% rc  13.89% gigt  9691% rc  13.40%
stig 1.85% rr 34.87% giig 1.03% o 39.17%
tggt 0.62%

Cellobiose gggg 1.54% cc  16.36% 55.55% gggg 1.66% cc 11.67%
gggt  3.70% o 4321% gggt  1.66% o  3722%
gglg  0.62% rc 8.02% ggig - rc  10.55%
gigg 12.03% m  3241% gligg_ 1277% 1 40.55%
gtgt  25.92% gtgt ™ 34.44%
gtig 3.08% gug 2.77%
1ggg  4.63% 1555 3.33%
iggt  38.88% 1ggt  36.67%
gty 9.57% 1glg 6.67%

Kojibiose gggg 031% cc 6.48%  37.65%  gggt 0.82% cc 0.82%
gggt  277% cor 2685% gigt  93.44% cr  2623%
ggig  031% rc  3456% 1ggt  5713% rc  27.05%
gige 031% rr 3205% o 45.90%
gigt  86.72%
glig 2.16%
ggt 7.09%
grg  031%

Nigerose gegg 031% cc 3.70% 38.89%  gggt 0.79% cc 3.96%
gggt 247% cr 5.55% gtgg 22.22% cor 0.79%
getg 123% rc  19.14% - gigt  753%% rc  23.81%
gigg 1697% rr  71.61% ° tggt 158% m 71.43%
gigt  70.68%
gilg  3.70%
iggt 4.63%

Maltose gagt 1.85% cc 3.3% 31.17% gigg 297% cc 0.99%
gglg  031% cr 33.02% gigt 8118% cr 17.82%
gtgg  247% rc 1234% gig  990% rc 8.91%
gigt 13.15% o 51.23% rggt 394% o 1227%
glig 9.87%
tggg  031%
iggt 11115
gtg 0.93%
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The single trough of low energy conformers found in the W- direction indicates
that there is freedom of rotation about this equatorial bond. In both cases, the troughs
have all their global minima at @ values between 60° and 180°. In the case of O-
kojibiose, one notices the importance of the exo-anomeric effect in favoring the
occurrence of conformations for @ values between 60 to 80° and in working against the
staggered position for @ values close to 180°.

In the case of C-kojibiose, the values about & angles are more centered around @
= 60°, Moreover, the orientation of ® = 180°, as in conformer D, is likely to be more
easily populated than in the case of O-kojibiose. In the O-kojibiose map, 25% of the
structures have relative energies lower than 8 kcal/mol instead of 38% in C-kojibiose
(Table 2). The energy barrier between the A and D minima is ~5 kcal/mol in C-kojibiose
and the corresponding barrier in O-kojibiose is ~7 kcal/mol. The relative magnitudes of
these differences suggest that the C disaccharide has more conformational freedom.

C-nigeroside - The adiabatic map of C-nigerose (o-D-Glcp-CH,-(1->3)-B-D-Glcp-
OMe) generated by MM3 is shown in Fig. 2, and the optimized minima are listed in
Table 1. All but one of the C-nigerose minima are contained in a single low enérgy
region extending vertically across the map in the W-direction. They occur within an
energy window of 1.2 kcal/mol. The wells that contain the four low energy conformers
have similar shapes and dimensions. The global minimum (4A) is at ®, ¥ = 58.7°, 80.5°
and occurs without any inter-residue hydrogen bond. In contrast, each of the three other
low energy conformers have an intramolecular hydrogen bond when a bulk dielectric
constant € =4 is used.

The type B conformation (@, ¥ = 77.1°, 163.7°) contains an inter-ring hydrogen
bond formed between O-2 and O-5'. The conformation of the second lowest energy
minimum (conformer C) located at @, ¥ = 77.8°, 80.5° accommodates an 0-6'...0-4
hydrogen bond. The fourth conformer, D, is located in the staggered 180° region with
®= 175.2° and ¥ = -179.4°, and is stabilized by the occurrence of a hydrogen bond
between O-2' and O-4. Several starting conformations contribute to the final map (Table
2). The dominant hydroxymethyl orientation is gfgt with gtgg representing a considerable
proportion (16%). The rr orientation is the most important set of secondary hydroxyl

group orientations.
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“The adiabatic map of O-nigerose™ also exhibits a vertical extension across the
map in the W-direction. It contains three minima corresponding to the C-disaccharide low
energy conformers A: @, ¥ = 85°,118°, B: @, ¥ = 84°, 166°, C: @, ¥ =97°, -54°.

These locations are within 20° of those calculated for the C-disaccharide. There is
a difference in the relative energies in the first two minima. In O-nigerose, the global
minimum corresponds to the B conformer which is ~0.8 kcal/mol more stable than the
second conformer, the global minimum for C-nigerose (Table 1). A plateau region occurs
at approximately 180°, 180°, on which a fourth energy minimum exist as a shallow
depression with a high relative energy. This is significantly different than for C-
analogues, where a well localized, low energy conformation occurs for this perfectly
staggered orientation.

The energy barrier between B and C minima in the O-nigerose is lower than 6
kcal/mol while in C-nigerose the corresponding energy barrier is lower than 5 kcal/mol. -
The total area surrounded from the 8 kcal contour line is 30% in O-nigerose while it is
the 38.9% (Table 2) in the C-nigerose map suggesting again that the C-disaccharide has
greater conformational freedom. '

C-maltoside - The MM3-generated adiabatic map of C-maltose (o-D-Glcp-CH,
(1-4) B-D-Glcp) is shown in Fig. 2, along with the location and the representation of the
low energy conformers. Geometric details for the optimized minima are listed in Table 1.
Three distinct low energy minima can be found within the domain delineated by the 8
kcal/mol iso-energy contour. The lowest energy conformer occurs at @, = 54.1°,
-174.6° and has no inter-residue hydrogen bonds. That conformation has both of its
hydroxymethyl groups located on the same side of the molecule. A second low energy
region exists, with a similar value of @ but with ¥ near the staggered 60° potential well
(conformer B at @, ¥ = 79.3°, 62.7°). The energy difference between these minima is
about 1 kcal/mol. The third conformer, C, occurs at @, ¥ = 142.7°, -96.7°, with an
energy 2.7 kcal/mol above that of conformer A.

The gtgt orientation of hydroxymethyl groups dominates the starting
conformations that yield the lowest energies (Table 2) as it does for kojibiose and
nigerose. Mixed orientations, such as g#tg and iggt, are also important. Starting
secondary hydroxyl orientations are rr, cr, and rc with 77 most prelevant. The area

enclosed by the 8 kcal/mol contour contains 31.2% of the whole map.
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Table 3. Calculated vicinal coupling constants across the C1'-Ca-Ci bridge of the two-
bond-linked disaccharides.

Disaccharide Coupling Constants
I Jom v Jws)
Kojibiose 2.67 10.92 9.46 423
Nijerose 2.77 10.77 9.25 3.54
Maltose 2.43 11.30 10.53 227
Sophorose 10.37 242 3.32 8.26
Laminarabiose 10.74 207 5.86 7.10
Cellobiose 10.21 2.00 4.80 4.34
Experimental Theoretical

Scheme 3

The homonuclear coupling constants calculated are listed in Table 3. They can be
compared (Scheme 3) with the coupling constants that have been measured across the
axial C-glycosidic linkage (Jor = 3.1, Jos = 10.3 ;g =355, Jgs = 2.9).“’

A clear difference is observed between the calculated and the experimental value
for the Jy, coupling constant. This suggests that the orientations of the C-aglyconic bond
60° and/or -60° are more populated in solution. That means that the energy differences
between the A, B and C conformers are not well predicted and the areas around B and/or
C are more populated. It is interesting to note that when the C3 hydroxyl group is
protected (peracetyl -C-disaccharide) or completely removed (3-deoxy-C-maltoside) the
vicinal coupling constants Jy, around the C-aglyconic bond are 7.1 and 11.4 Hz,
respectively.”® This suggests that an interaction of the C3 hydroxyl group stabilizes

either conformer B or C or both. Indeed, when the energy minimum structures were
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optimized with a dielectric constant € = 1, the calculated relative energies were: A, 0.1
kcal/mol ; B, 0 kcal/mol ; and C, 4.2 kcal/mol, because the B conformer was stabilized by
an inter-residue hydrogen bond between O-6' and O-3. It is reasonable to suppose that
this stabilization could occur under certain circumstances in solution resulting in a higher
population for this conformer. The average coupling constants calculated based on the
probability distribution of the three low energy conformers are: Jo, = 1.6 Hz, Jos = 11.0
Hz, Yy, = 6.7 Hz, Jy,= 3.1 Hz, in quite good agreement with the experimental values.
These results show the limitations of calculations performed in vacuum without taking
into account explicit solvent molecules.

The adiabatic map of O-maltose'® again has the same general shape but in the
same area as the global minimum there is another low energy conformer that does not
exist on the C-disaccharide map. The total area within the 8 kcal/mol contour is only
27.8% of the whole map. In contrast with all other disaccharides in this study, the energy -
barrier between A and B observed on the O-maltose map is lower (<5kcal/mol) than for
the C-maltoside (<6 kcal/mol).

The general map characteristics for the three disaccharides studied are similar.
Each map has a single trough of low energy conformers in the W-direction which
indicates the freedom of rotation about this equatorial bond. There is also a minimum
with a high relative energy having ® ~ 180°, which is only a plateau for the O-
disaccharides. The 8 kcal/mol contour line encompasses a higher percentage of &%
spaice fo; the C-disaccharides and tl.lebenergy barriers between minima are in general

lower for the C-disaccharides.

TWO-BOND, B-LINKED, DIEQUATORIAL C-DISACCHARIDES

C- Sophoroside - The MM3 map of C-sophoroside (B-D-Glep-CH; (1-52) B-D-
Glcp-OMe) is shown in Fig. 3, along with four local minima. Table 1 lists the relative
MM3 energies and details of the geometries of the optimized minima. Two main
perpendicularly intersecting troughs appear on the map. The lowest energy minimum is
located in a perfectly staggered conformation at @, ¥ = -57.1°, -62.1°. Conformer B
occurs at @, = -78.1°, 57° and it is stabilized by an inter-residue hydrogen bond
between O3 and O5'. Conformers C and E have relative energies lower than 2 kcal/mol

and lie in a region that extends in the W direction from approximately 0° to -60°,
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Conformer C occurs at @, ¥ = 73.7°, -74.9° and is stabilized by a hydrogen bond
between O3 and O5'. Conformer E is located at an eclipsed orientation in ¥ = -119.1°
with @ = 58.8° and has a hydrogen bond between O2' and O1. In the same ¥ direction,
there is another conformer, G, with @,¥ = 65.7°, 75.8°. Its relative energy is 3.5
kcal/mol, despite stabilization by a hydrogen bond between O3 and O2'. Two additional
minima are located on a plateau that extends in the @ direction from approximately -180°
to -60° with a relative energy less than 3 kcal/mol. Conformer D, with @, ¥ = -62.8°, -
138.1°, is stabilized by a hydrogen bond between O6' and O1. Conformer F has @, ¥=-
167°, -175°. Table 2 shows the importance of individual starting conformations to the
final points for the whole map as well as for the region enclosed by the 8 kcal/mol
contour lines. Only the gt orientationé of the hydroxymethyl groups contribute to the map
points with relative energies <8 kcal/mol, although several combinations of initial
orientations of the secondary hydroxyl groups were used. ‘

The shapes of the O-sophorose map'® and the C-sophorose map are similar,
although differences are observed. The minima found on the O-disaccharide map
correspond to C-disaccharide conformers A, D, B and E. Conformer D on the O-
sophorose map lies in the same low energy region as minimum A, less than 1 kcal/mol
higher in energy. For C-sophorose, D is a shallow depression with a high relative energy.
Another difference between the two maps is that the staggered conformers C, F and G do
not occur for O-sophorose. For O-sophorose, conformer F is on a slowly descending
plateau while the other two conformers C and G do not exist at all within the 8 kcal/mol
contour line. For C-sophorose, the A and B minima are shifted to ®,¥ values that are
close to staggered conformations; for O-sophorose, @ angles for A and B are -72° and
-86° respectively, showing that the main perpendicularly intersecting trough is shifted
from the staggered conformation.

Although the shapes of the surfaces are similar, the structures having relative
energies lower than 8 kcal/mol cover 62% of the map for C-sophorose while they
represent only 45% of the map for O-sophorose. The energy barrier in the @ direction is
less than 5 keal/mol for the C-disaccharide while it is larger than 7 kcal/mol for O-
sophorose. The above two results suggest that C-sophorose has greater flexibility.

C-Laminarabioside - The adiabatic map of C-laminarabioside (B-D-Glcp-CH,
(1-3) B-D-Glcp-OMe) generated by MM3 is shown in Fig. 3, and the details describing
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Figure 3. Adiabatic relaxed map of C-sophorose, C-laminarabiose and C-cellobiose in
the MM3(92) force field as a function of the @ and ¥ glycosidic torsion angles. For

details see Fig 2.
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the geometry of the optimized minima are listed in Table 1. The three lowest energy
minima A, B and C are located in a region parallel to the ® axis centered around
@ =-60°, as would be expected if the exo-anomeric effect were operative. Two minima
are located in a region less than 2 kcal/mol above the global minimum parallel to the ¥
axis between 60° and 180°; the global minimum A at &= -81.4° and W =62.3° is
stabilized by a hydrogen bond between O4 and O6"; conformer B occurs at @, ¥ = -56.4°,
177.9° with only slightly higher energy (0.29 kcal/mol). The third minimum, C, is located
at @, ¥ = -79.2°, -60.7°. Conformer D has relatively higher energy (1.12 kcal/mol) with
®, ¥ =73.9°, 164°. Conformer E with ®,% = 159.4°, 101.8° is stabilized by a hydrogen
bond between O2' and 02. The minima F and G found in the same trough as the D
conformer, paralle! also to the ¥ axis centered around ® = 60° and have relatively high
energies (> 2 kcal/mol); conformer F has an almost eclipsed conformation with V=
119.9 (®= 60.4°), and is stabilized by a hydrogen bond between O4 and 02'. Conformer
G has @, ¥ = 62.9°, -42.2°, and is stabilized by hydrogen bond between O5' and O4.

Table 2 shows the statistics concerning the individual starting conformations
contributing to the final points for the whole map as well as for the region enclosed by the
8 kcal/mol contour lines. Almost all of the final map points, with relative energies < 8
kcal/mol adopt the gt orientation for both hydroxymethyl groups. Again all four
combinations of secondary hydroxyl groups contribute to the final map.

In the map of O-laminarabiose,'® there are also two perpendicularly intersecting
low energy troughs and minima A, B, C and F are located in similar regions. In C-
laminarabiose, the additional minima that occur are shifted to staggered conformations in
regions where O-laminarabiose has a relativefy high energy plateau (E) or does not have
minima (D, G). For C-laminarabiose, the conformations with Erel < 8 kcal/mol represent
60% of the map, while in O-laminrobiose, they represent only 35% of the map.

Energy barriers between the lower energy intersecting trough (@ = -60°) and the
higher energy one (@ = 60°) are lower for C-laminarabiose (<6 kcal/mol) than for O-
laminarabiose (> 8kcal/mol). The above data suggest that there is greater flexibility in the
@ direction for C-laminarabiose than for the O-disaccharide.

C-Cellobioside - The adiabatic map of C-cellobioside (B-D-Glcp-CH; (1-4)

B-D-Glcp-OMe) is shown in Fig. 3 along with four of the optimized minima. The location
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E xperimental Theoretical

Scheme 4

of the minima and the energy differences are also summarized in Table 1. As seen for
both of the above equatorial - equatorial linked disacharides, the map has two
perpendicular low energy troughs along the W axis. The global minimum is at a perfect
staggered conformation with @, ¥ = -63.5°, 63.9°. Two other low energy minima B and .
D are located in a low energy region between ¥ 180° and 300°. Conformer B is at @, ¥
= -80°, -179.6°, stabilized by a hydrogen bond between O3 and 06/, while conformer D is
at % = -63.5°, -99.0°. Two other low energy conformers are found along the W axis
with @ =60°. Conformer C, with low relative energy, is at ® =59.8° with ¥ eclipsed
(-119.7°) and is stabilized by a hydrogen bond between O4 and O2'. The less stable
conformer F, at &, ¥ = 61.4°, 81.3° is in the same V¥ direction as C and has a hydrogen
bond between O5' and O3. Finally, conformer E is located at O, ¥ = -159°, -158° and is
stabilized by a hydrogen bond between O6 and O2'.

Different starting conformations contribute to the final C-cellobioside map (Table
2). The grgt and rggt starting orientations of the hydroxymethyl groups occur more
frequently. The points with Erel < 8 kcal/mol cover 56% of the total map and the gzgt and
1ggt initial orientations contribute 70%. All four combinations of secondary hydroxyl
groups contribute to the final map with the rr and ¢r orientations occurring most
frequently. The four different homonuclear *J coupling constants between the Co. protons
and H1' and H4 respectively were calculated as summarized in Table 3. They are in
(Scheme 4) quite good agreement with the experimental values, % indicating that the
theoretical analysis successfully predicts the experimental data.

The O-cellobiose map"’ also exhibits the same general shape but the conformation

around the C—aglycoﬁic bond is rather different from that described for O-cellobiose. The
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central lowest energy region for O-cellobiose contains conformers that correspond to B
and D in C-cellobiose. However, their energies are clearly higher (>2 kcal/mol) than that
for conformer A, the global minimum in C-cellobiose. Therefore, these calculations
indicate that there are notable differences between the C- and O- 1—4 equatorial-
equatorial linked disaccharides and these differences are similar to those previously
reported for C- and O- lactose.® Additionally, the O-cellobiose map contains fewer energy
minima; conformer E is on a descending plateau while conformer F does not exist within
the 8 kcal/mol contour line. The points of the map with Erel < 8 kcal/mol represent only
30% of the total for O-cellobiose. The energy barriers along the ¥ axis, e.g., between A
and B conformers, are less than 5 kcal/mol in C-cellobiose while in O-cellobiose the
corresponding energy barrier is ~ 6 kcal/mol. The same is true for conformational
changes along the ® axis where the energy barrier between conformer C and D is less
than 5 kcal/mol in C-cellobiose while the corresponding energy barrier in O-cellobiose is
about 1 kcal/mol higher. The above results indicate that conformational changes in C-
disaccharides are easier and C-cellobiose is more flexible than O-cellobiose.

The general map characteristics are similar for all three equatorial - equétoria]
linked disaccharides. Two low energy troughs occur on each map and energy barriers
between the troughs are similar and lower than 6 kcal/mol. The low energy trough is
centered at @ =~ -60°, in agreement with the geometry predicted by the exo-anomeric
effect. Common differences with the corresponding O-disaccharides for all three C-
glucosides are the number of minima in the staggered conformations, the lower energy
barriers between conformers, and the higher percentages of ®,¥ space within the 8
kcal/mol contours. Significant differences are observed in the case of the 14 linkage

where the global minima are different for the C- and O- disaccharides.

THREE BOND LINKED C-DISACCHARIDES

C-isomaltoside - Three dimensional energy maps of C-isomaltoside (a-D-Glcp-
CH, (1-6) B-D-Glcp-OMe) are shown in Fig. 4. All of the points on the maps having
energies less than a) 1 kcal/mol, b) 3 kcal/mol, ¢) 5 kcal/mol and d) 8 kcal/mol above the
global minimum are shown in the four 3D presentations. The three corresponding contour
diagrams are shown in Fig. 5 for staggered conformations of Q along with the
corresponding minima. Eleven minima have energies within the 8 kcal/mol contour, and

the exact location of each is summarized in Table 4.
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Figure 4. Relaxed-residue map of C-isomaltoside where the distributions of the points
having energy a) lower than 1 kcal/mol b) lower than 3 kcal/mol ¢) lower than 5 kcal/mol
d) lower than 8 kcal/mol are shown as a function of @, ¥ and Q. The ¥ and Q axis run
from 0° to 360° and @ runs from -120° to 240°,

All the minima have perfectly staggered conformations about the three bonds
described by the @, W and Q dihedrals. The @ angles for the three lowest energy
conformers (A, B, 1) are ~ 60°, in agreement with what would be predicted by the exo-
anomeric effect. Other minima have @ angles at near 180° (C, D, F, G). The minima
found have the angle Q in staggered orientations of 60° (gf), -60 (gg) and 180° (7g) in
order of increasing energy. The global minimum is significantly lower in energy than the
second minimum (1 kcal/mol), indicating that the population of the region around this
conformer is considerably higher than the others. The structures having less than 8§
kcal/mol relative energy represent the 39.1% of the 5832 points that contribute to the
construction of the final map. Table 6 gives statistics about the contributions of the initial
conformers to the adiabatic energy surfaces. Seventy-eight % of the conformers have the
hydroxymethyl group of the non reducing ring in the gf orientation. However, a
considerable percentage of conformers (21 %) adopts the ¢g orientation. The preferred

orientation of the secondary hydroxyl groups is rr ((76%).
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Figure 5. Contour maps for C-isomaltoside at constant Q: (a) Q = 60°, (b) Q = 180°, (c)
Q =-60°. The @, ¥ planes are contoured at 1 kcal/mol increments to 8 kcal/mol above
the global minimum. The low energy conformers A-l indicated on the maps are
represented by ball and stick models. @' and Q' stands for H1-C1"-Ca-C6 and H5-C5-C6-
Ca, respectively. :
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Table 5. Calculated glycosidic coupling constants for C-isomaltoside and
C-gentiobioside.

Disaccharide Coupling Constants

I Jow Jom Jewn Jewrs) Jesn Jessy Jam®  Ja
somaltose 574 1105 466 1159 1153 270 259 9.48
Gentiobiose  9.59 2.95 494 1007 1005 440 2.80 9.80

E xperimental Theoretical

Scheme 5

The eight *J coupling constants characterizing the three bond angles were calculated.
They are summarized in Table 5 and are shown in Scheme 5 in juxtaposition with
experimental values given by Kishi ef al.** The theoretical values are in good agreement
with the experimental data showing that the conformational analysis reflects the
equilibrium existing between the different structures in solution.

Compared with the corresponding map of the O-disaccharide,'® the general shape is
similar. However, the global minimum on t};e O-isomaltose map is located at Q= -170°,
The second minimum on the O-isomaltose map is only slightly higher in energy than the
first minimum (0.2 kcal/mol). It is found at Q= 57° and is quite similar to the global
minimum of C-isomaltose. The conformers found in the C-glycoside map with & = 180°
are not present on the O-disaccharide map. Instead, there are only descending plateaus in
the same regions. For O-isomaltose, the structures found within the 8 kcal/mol contour
represent only 18.8% of the total and the energy barriers in the Q direction are lower (<4
kcal/mol) than for C-isomaltose (< 5kcal/mol). In the O-disaccharide, the ® angle for all

low energy conformers have values between 74° and 102°, altered from staggered
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Figure 6. Relaxed-residue maps of C-gentiobioside where the distribution of the points
having energy a) lower than 1 kcal/mol, b) lower than 3 kcal/mol, c) lower than 5
kcal/mol, d) lower than 8 kcal/mol are shown as a function of @, ¥ and Q. The ¥ and Q
axis run from 0° to 360° and @ runs from -120° to 240°,

geometry because of the exo-anomeric effect. In C-isomaltose, the @ angle is always
close to staggered. Unlike O-isomaltose, conformers with ® = 180° are also populated,
showing that C-isomaltose is more flexible along this bond. No major differences are

observed concerning the flexibility along the ¥ axis.

C-gentiobioside - The points contribuiing to the final 3D map of the C-
gentiobioside (B-D-Glcp-CH; (1—6) B-D-Glcp-OMe) are shown in Fig. 6. The three
contour diagrams in Fig. 7 show the energy surface at the three staggered conformations
of angle Q. Thirteen minima were found within the 8 kcal/mol energy region and their
geometric properties are summarized in Table 4. The majority of the structures with Q =
60° have relative energies lower than 8 kcal/mol. The global minimum as well as the
three other low energy minima are located in this Q region. The two lowest energy
conformers have ® = -60° in conformity with the exo-anomeric effect; however, minima

with energy less than 2 kcal/mol are located in regions with @ = 60° and ' = 180°. The
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Figure 7. Contour maps for C-gentiobioside at constant Q: (a) Q = 60°, (b) Q = 180°, (c)
O =-60°. The @, ¥ planes are contoured at 1 kcal/mol increments to 8 kcal/mol above
the global minimum. The low energy conformers A-I indicated on the maps are
represented by ball and stick models.
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Table 6. Starting structures contributing to MM3-generated relaxed-residue ®,%,Q
disaccharide maps.

Disaccharide Complete Map Lowest 8 kcal/mol
Hydroxy-  Secondary % Area  Hydroxy-  Secondary
Methyl Hydroxyls of map methyl Hydroxyls

Isomaltose gg 3.63% cc 3.02% 39.1% gg 3.67% Cc  3.00%
gt 8416% cr 13.4% gt 84.12% Cr 13.52%
ig 1220% rc 2.93% g 1221% Rec  2.8%%

. 80.55% Rr 80.58%

Gentiobiose g8 468% cc  471% 59.6% g8 527% Cec  5.10%
gt 63.37% cr 28.56% gt 6539% Cr 2847%
g 29.50% rc 5.39% 1g 2933% Rc  5.77%

r 61.34% Rr 60.66%

114
Experimental Theoretical

Scheme 6

order of increasing energy in the O direction is gt, gg and tg. The orientation of the
hydroxymethyl group of the non reducing ring that contributes mainly to the final map is
the gt (Table 6) and the structures having relative energies lower than 8 kcal/mol
represent 60% of the whole 3D map.

The energy barriers along the ® axis are less than 4 kcal/mol, while along the Q axis are
less than 5 keal/mol (Q~0°). The eight *J coupling constants between protons of the three
C-glycosidic bonds were calculated (Table 5). The theoretical values together with the
experimental data given by Kishi et al.*® are shown in Scheme 6. They are in reasonable
agreement showing that the conformational preferences in solution are well described by

the calculated ®/¥/Q map.
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The global minimum for O-gentiobiose is located in the coresponding region on
the C-disaccharide hypersurface and the general shape of the O-disaccharide maps are
similar to those of C-gentiobiose. The differences observed are the shifts of the values
calculated for the @ angles of the minima away from the perfectly staggered values
present in O-gentiobiose, and the existence of minima for the C-disaccharide in regions
where in the O-disaccharide there are only descending plateaus.

Neuman ef al. have reported a crystal structure for C-gentiobioside.”® Its location
@, ¥, Q= 55.9°, 175.1°,-63.9° agrees with conformer K which is 2.1 kcal/mol higher in
energy than the lowest MM3 minimum. In this crystal structure, the hydroxymethyl group
of the non-reducing ring isin' the gg conformation, while in the K conformer the
hydroxymethyl group is in the gr amrangement. The crystal structure of C-gentiobioside
involves an extensive network of intermolecular hydrogen bonds resulting in the optimum
mode of packing with each molecule surrounded by 10 neighbors. This dense crystal’
structure may explain the differences with the conformations preferred in solution.

According to the calculations, both C-isomaltose and C-gentiobiose should have
significant populations in at least two of the three Q potential wells. C-isomaltose seems
to be more conformationally restricted in ® and ¥, as was the case for the axial-
equatorial two-bond-linked disaccharides, with a preference for the exo anomeric
orientation about ®. On the other hand, C-gentiobiose is calculated to be rather flexible
in ® and ¥. In comparison with the O-disaccharides, the same main differences are
observed as for the other disaccharides. In the case of the 1—6 linked disaccharides,
where the distances between the two rings are bigger and the steric interactions are less
severe the differences are more easily understood.

In O-glycosides, the minima are found in similar regions but they are shifted from
the staggered conformations. In C-disaccharides, additional minima occur in regions
where only relatively high energy plateaus exist on the O-glycoside maps. These
additional minima do not conform to the exo-anomeric orientation of the @ bond
indicating agreater conformational flexibility for C-C bonds than for C-O bonds in
glycosidic sequences.

These differences exist already in the MM3 energy profile of the @ bond in the
case of compounds 9 and 10. The energy profiles of ethyl glycopyranosides 9 as a

function of the ® angle for a- and B- configurations are represented in Figure 8 and
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CH,;OH
a) HO 2 5 HO CH,OH
HO HO Q
OH ™0 CH;j; HO Cold CH;
- epHy” " cpry”
9 10
a-Configuration

b)

B~Configuration

Figure 8. a) compounds 9 and 10. b) Steric energy as a function of the ® dihedral angle
for -OEt glucoside 9 (® = 05-C1-0-Cp) and the -CH;Et analogue 10 (& = 05-C1-Ca.-
CB). In (I) and in (II) the profiles of the o and B configurations are compared.
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compared with the corresponding profiles for the -CH,- linked analogue 10. The O-linked
o- and B- glucosides exhibit global minima at ® = §0° and -80°, respectively, while the
CH,-linked analogues have minima at staggered conformations ® = 60° and -60°. The
energy differences between the low energy conformers are also larger for the

O-monosacchrides compared to their CH,-linked analogues.

CONCLUSIONS

MM3-based relaxed maps of C-kojibioside, C-nigeroside, C-maltoside, C-
sophoroside C-laminarabioside, C-cellobioside, C-isomaltoside and C-gentiobioside have
been calculated. The axial-equatorial two-bond-linked molecules have similar map
characteristics and the same is true for the equatorial-equatorial two-bond linked,
molecules which are seen as being rather flexible. The relative positions of the lower
energy regions are in agreement with the exo-anomeric effect. Although the shapes of the
the C- and the O-disaccharide maps are similar, differences are noted in the exact
location, the relative energy and the number of the minima. In the O-disaccharides, the
parametrization for the O-C-O-C torsion angle for the glycosidic bond results in deviation
from staggered orientations and relative rigidity of this bond in the O-linked molecules.
A more pronounced difference between the O- and the C- exists in the cellobiose case,
extending the difference observed in B(1—4) linked disaccharides by Jimenez-Barbero et
al. for lactose.  Limitations affected the calculations, in particular, in the maltose case,
because of the use of € = 4, which diminishes the strength of electrostatic interactions
such as hydrogen bonding. Nevertheless, MM3 still produces good geometries for the low
energy minima, which appears to be important in determining the populations of

conformers in solution.
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