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Abstract

Conformational features of the glycosidic bond linking two mannosy! units of four different oligomeric fragments of galactomannans ha
been calculated by means of adiabatic mapping of the glycodidictorsion angles using the MM3 force field. These fragments differed in
their substitution pattern. The aim of this study was to ascertain the role played by the galactosyl side groups on the conformational flexibi
of the galactomannan chain backbone. Although the overall features of all the potential energy surfaces created appear similar, these
show that the position of the lowest energy minimum conformer and the lower energy region change significantly if one or both manno
residues are substituted by a galactosyl side group. Thus, these groups lead to significant differences in the accessible conformational
when compared with that of the mannobiose molecule. Predicted homonuclear and heteronuclear coupling constants averaged over
entire map also reflect the conformational differences.

Computed maps were used to predict polymeric unperturbed dimen€igres {R) and(s?'? of idealized galactomannan chains by Monte
Carlo methods. For low values of Man:Gal ratios, chain extension appears to be strongly dependent on the degree of substitution. For 2:1
3:1 Man:Gal ratios, random, alternate and block patterns of substitution have been investigated. It has also been shown that the sy
extension of the polymer chains is dependent on the scheme of substitution. Such studies provide a unique insight into the dependen
these two factors on the stiffness and flexibility of different galactomannan chaihi898 Elsevier Science Ltd. All rights reserved.

Keywords:Galactomannans; Oligomeric segments; Polymeric chains

1. Introduction differ according to their galactose content and distribution,
and their fine structure seems to depend on their botanical
Endosperm seed galactomannans are storage polysacsource, they provide a challenging and complex topic for
charides having a linear backbone gf(1— 4) linked investigation. However, the experimental correlation
Dp-mannose units, to which various amounts of single between chemical structure and solution properties is extre-
a-(1— 6)-linked p-galactose residues are attached mely difficult to establish. The distribution of galactose side
(between 5% and 100%). Their structural and physico- groups along the mannan backbone has been shown to be
chemical characteristics depend on the plant source andnear random, alternately disposed or in blocks. However,
on the extraction conditions (Reid & Edwards, 1995, their true structure remains unknown (Hall & Yalpani, 1980,
Izydorczyk & Biliaderis, 1996). These hydrocolloids are McCleary et al.,, 1985, Hoffman & Svensson, 1978,
widely used as thickening agents in the food industry, as Grasdalen & Painter, 1980, Painter et al., 1979).
well as having uses in many other industrial sectors (Reid &  Side chain content and distribution are likely to influence
Edwards, 1995). In addition, chemically modified naturally the solution properties of galactomannans (Reid & Edwards,
occurring galactomannans display unique features in novel 1995, Viebke & Piculell, 1996). Experimental and theore-
applications (Lapasin et al., 1995, Ahuja & Rai, 1997). tical studies have considered the conformational features of
The importance of galactomannans in industry makes oligomeric segments of galactomannans in an attempt to
them an interesting subject for physico-chemical studies explain the geometric and energetic effects of the galactosyl
(Garnier et al., 1995, Viebke & Piculell, 1996, Craig et al., substitution on the main chain flexibility (Bergamini et al.,
1997, Sudhakar et al., 1996). Since galactomannan sample4995). Theoretical calculations of solution conformations of
mannobiose have been reported in the literature (Tvaroska
* Corresponding author et al., 1987, Jimenez-Barbero et al., 1988). It has been
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Fig. 1. Schematic representation of oligomeric fragments occurring in galactomannan chains.

shown that, in the isolated state, a conformational equili- two dimeric segments of galactomannan chains was
brium between seven conformers could occur, as calculatedrecently described by Bergamini et al. (1995). The existence
by the semi-empirical PCILO method. Evaluation of the of three types of helices of unsubstituted mannan chains
solvation effect using a continuum approach suggests thatwere predicted based on the stable conformers of the parent
the relative abundance of the conformers is influenced by disaccharide. It was shown that the introduction of galactose
the solvent polarity. The most stable conformer predicted in residues resulted in either a large or an insignificant distor-
the isolated state is stabilized by a bifurcated hydrogen bondtion compared to the native helices. Furthermore, random-
between O-3H, O-5and O-2, and its population increases coil conformations of a backbone chain of ten residues in
with an increase in solvent polarity (Tvaroska et al., 1987). length were generated, the results show that the limiting
Conformational analysis by molecular modelling and structures are either very extended or compact. Substitution
nuclear magnetic resonance spectroscopy (NMR) of the of mannosyl units by galactosyl groups leads to a local
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bending of the backbone, the geometry of which is stabi- whole angular range. At each conformational microstate a
lized by non-bonding interactions. However, these data do geometry optimization was performed by allowing the
not reveal the effect of the substitution on the flexibility of coordinates of each atom to vary except those defining the
the mannan chain. ® and ¥ torsion angles. The results from this procedure are
Using molecular mechanics and Monte Carlo methods, the presented as Ramachandran-like contour plots and referred
present study addresses the role of galactosyl substitution orto as relaxed ¢, ¥) maps. Because of the well-known
the flexibility and spatial extension of the mannan backbone multiple-minima problem of the potential-energy hypersur-
and discusses how the different patterns of substitution affectface due to the large number of degrees of freedom, together
the average parameters such as the NMR coupling constantsvith the inherent limitations of the minimization proce-
of representative oligomeric segments and the characteristicdures, emphasis is placed on the importance of drawing
ratio and persistence length of polymeric chains. adiabatic maps by using starting geometries with different
orientations of the pendant groups. Adiabatic maps were
plotted by taking into account the lowest energy conformer
2. Materials and methods at each ¢, ¥) point. Thus, for both the dimeric fragments
(mannobiose and epimelibiose) the main factors taken into
Fig. 1 shows a schematic representation of the five consideration were: (1) all the possible staggered combina-
oligomers that represent all the combinations of primary tions (— 60°, 60° and 180 usually referred agg, gt andtg,
structures that could occur in native galactomannan chains.respectively) of boths torsion angles, and (2) the approx-
Two disaccharides represent the basic repeating uni®s: 4- imation concerning the three possible hydrogen-bonding
B-p-mannopyranosyb-mannose, having the trivial name networks (clockwise and counter-clockwise) that are
mannobiose (Fig. d) denoted by M in this study and created by the orientations of the secondary hydroxyl groups
6-O-a-pD-galactopyranosyb-mannose or epimelibiose  on atoms C-2, C-3 and C-4 (non-reducing unit) around each
(Fig. 1b), denoted by G-M. M represents the unsubstituted ring. The adiabatic maps of both Mand G-M were then
mannan backbone, while the conformational investigation created from 36 different orientations of the pendant groups.
of G-M is necessary to characterize the relative low-energy Computation of theb, ¥ adiabatic maps of the trimeric and
orientations of the side chain (galactosyl group) with respect tetrameric fragments were achieved by using the same proce-
to the mannan chain. However, three other oligosaccharidesdure. Galactosyl groups attached to the mannobiosyl molecule
should be considered: two trimers where the mannobiose iswere considered as pendant groups, and only the optimized
substituted by a galactose either on the reducing €rgk, geometry of the three lowest energy minima of the adiabatic
p-mannopyranosyl-(+ 4)-[O-«a-p-galactopyranosyl-(3— study of epimelibiose were taken into account. For the com-
6)]-p-mannose (&M,) (Fig. 1c), or on the non-reducing  putation of the adiabatic maps 48, 48 and 64 starting confor-
end, O-a-p-galactopyranosyl-(3 6)-O-8-p-mannopyra-  mations of GM,, G?M,, and G-°M , were used, respectively.
nosyl-(1— 4)-p-mannose (GM,) (Fig. 1d). The latter The iso-energy contours were drawn by interpolation of the
structure is a tetramer, in which the mannobiose is fully 1 kcal mol™* contour and the 10 kcal mol contour was

substituted: O-«-p-galactopyranosyl-(3 6)-O-8-p-man- selected as the outer limit. Contoured maps were generated
nopyranosyl-(3- 4)-[O-a-p-galactopyranosyl-(3 6)]-p- using CARTO, an in-house software program.
mannose &galactosyl-mannobiose (&M ,) (Fig. 1e). Geometry optimization was performed using the

The conventions proposed by the Commission on molecular mechanics program MM3(92) (Allinger et al.,
Nomenclature IUPAC (1989), IUPAC-IUB (1997) are 1989, 1992). The MM3 force field contains a correction
used throughout this paper. For{414) glycosidic linkages,  for the anomeric effect and has been specially adapted for
the torsion angles that describe the orientation of two con- the study of carbohydrates (Dowd et al., 1992—-1995, French
secutive mannosyl units, are defined thy- O-5-C-1'-0O- et al., 1997). The block-diagonal minimization method,
4—-C-4 and¥ = C-1'-0-4-C-4-C-5. The primed atoms with the default energy convergence criterion of
correspond to the non-reducing residue and the unprimed0.000081 kcal mol™ per five iterations rf being the
atoms correspond to the reducing one. Other torsion anglesnumber of atoms) was used for grid point optimization. In
of interest areb, = H-1'-C-1'-0-4-C-4 andl y = C-1'— order to mimic the solvation effects, a dielectric constant,
0-4—C-4—H-4, which characterize the conformation around ¢ = 80, was used in all the calculations.
the glycosidic bonds and allow the computation of the NMR ~ From the predicted geometries for each conformational
coupling constants. The orientation around the C-5-C-6 state, theoretical NMR coupling constants can be estimated
bond is defined by = O-5-C-5-C-6—0-6. For the graphi- by using the appropriate Karplus-type equations. The
cal representation of all oligomers, the starting geometries geometrical parameters of interest are the H-C-C-H torsion
of the monomeric units were derived from the library of the angles for homonuclear couplings and the interglycosidic
software package QUANTA (Molecular Simulation, Inc.). H-C-O-C (@4 and ¥) torsion angles for heteronuclear

The mannobiosyl conformational space of each oligomer carbon-proton couplings. The equations describing the
was explored in a systematic fashion by stepping the glyco- angular dependence of the coupling constants are those of
sidic ® and ¥ torsion angles in 10increments over the  Haasnoot et al. (1980) for homonuclear coupling constants
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Fig. 2. MM3 adiabatic potential energy surface of thg dilsaccharide as a function of tdeand ¥ torsion angles (* locates the energy-minima).

and Tvaroska et al. (1989, 1991, 1992) for the heteronuclearcalculated mean chain dimensions, similar simulations
coupling constants. The ensemble average couplingwere carried out for different models of galactomannan
constan{J) is given by chains, having Man:Gal ratios of 2:1 and 3:1, and differing
Q)= Zpi J in their substitution patterns. These patterns of sgbstitution
were random, alternate and by blocks. The block size for 2:1
WhereP; is the normalized Boltzmann abundance of the galactomannan was five and they were constructed with six

conformeri andJ; its corresponding coupling constant. non substituted mannose units attached to three contiguous
From the adiabatic energy surfaces, normalized substituted residues for 3:1 polymers.
Boltzmann abundances of eachi, ¥i conformational This configurational sampling allowed the calculation of

micro-state at 51 could be calculated. Subsequently, the unperturbed dimensions of the different chains using the
4000 galactomannan chains having a degree of polymeriza-in-house program Metropol. A complete description of the
tion of 3000 each, were generated according to the Metro- program has been provided (Boutherin et al., 1997). Here,
polis Monte-Carlo (MMC) procedure (Metropolis et al., only an outline of the method will be presented.

1953). First, to address the question of the effect of the The mean spatial characteristics of the different chains
degree of substitution on chain dimensions, unsubstitutedcan be described by the mean square radius of gyration
mannan chains were generated, as well as substituted one&s?)'? which is defined as thems distance of a segment
having different Man:Gal ratios of 1:1, 2:1, 3:1, 4:1 and 5:1. from its common centre of gravity. It is calculated as
These 2:1, 3:1, 4:1 and 5:1 chains were initially generated follows (S)Y? = 1/XZE(Rij) where X is the degree of
assuming a random distribution of the substituents. Second,polymerization andR; is the vector from beadto bead.

to study the influence of the primary structure on the The characteristic rati€.. = lim C, = lim (R%/XL?, is a



C.L.O. Petkowicz et al./Carbohydrate Polymers 37 (1998) 25—-39 29

Table 1
Calculated®, ¥ torsion angles fog-(1 — 4) linkage,« angles, energy and dipolar moment of minima fog, &M ,, G*M, and G"*M , oligomers

[ v wm wpm we1 wa2 E AE w
(degree) (degree) (degree) (degree) (degree) (degree) (kcal mol™®)  (kcal mol™) (D)

M

M1 282 240 295 68 - - 30.17 0.00 6.13
M -2 269 191 294 69 - - 30.62 0.45 3.46
M,-3 272 58 70 69 - - 33.18 3.01 7.95
M -4 295 304 71 68 - - 34.30 4.13 9.20
M -5 66 233 65 68 - - 36.42 6.25 4.34
GM,

GM 1 269 196 57 67 71 - 36.53 0.00 5.83
GM -2 280 59 77 295 71 - 37.58 1.05 4.74
GM 3 291 90 57 76 68 - 38.11 1.58 3.02
GM 4 294 304 82 294 80 - 39.82 3.29 4.25
GM 5 58 233 68 181 73 - 41.29 4.76 3.97
GM 6 68 82 62 182 74 - 45.71 9.18 7.11
GM,

GM 1 290 240 65 75 - 72 34.86 0.00 4.17
GM -2 290 80 62 71 - 73 36.84 1.98 4.59
GM 3 301 306 67 63 - 72 40.06 5.20 2.21
GM 4 180 189 65 73 - 69 40.87 6.01 6.37
GM 5 53 237 63 76 - 68 43.66 8.80 6.62
G'M,

GY¥M -1 288 230 75 64 72 72 44.74 0.00 5.43
G M -2 278 54 60 62 73 71 45.16 0.42 4.17
G'M -3 308 292 70 57 72 66 47.82 3.08 5.99
G M 4 49 239 70 64 70 73 50.42 6.08 5.35

dimensionless quantity in whiclC, corresponds to the axes. Favourable conformations of tlde torsion angle
mean-square end-to-end length of the cBM normalized occur mainly at values around 30Q — gauchg while
by the numbeiX of sugar residues in the chain ahdthe minor conformations experience a range of 64 gauchs.
virtual bond connecting adjacent glycosidic oxygens. In our This is in good agreement with the exo-anomeric effect
study L was taken as 5.44 Awhich is the average value (Tvaroska & Kozar, 1980) which favours tigaucheorien-
computed from the oligomeric potential energy surfaces. tations of the glycosidic C-1-0O bond aglycone.
Similarly, the magnitude of the persistence lengthcan Presented in Table 1 are selected geometrical parameters
be evaluated by using = lim L,, whereL, represents the  along with the energies of the different minima. The two
average projection of the end-to-end distance vector on thelowest energy minima, M1 and M-2, were found within
first bond of the chain in the limit of infinite chain length; it the same potential energy well. Following complete optimi-
indicates the distance through which the chain can be zation, they were located &, ¥ values of (282, 24C) and
considered as linear. (269, 191), respectively. These values are very close to
All calculations were carried out on a Silicon Graphics those determined in the solid state (Sheldrick et al., 1984).
Indigo workstation and on the parallel computer (SP2) at the An energy difference of only 0.5 kcal mdi existed
Centre National Universitaire Sud de Calcul-Montpellier- between the two minima. The lowest energy conformer is
France. stabilized by an O-3(H)-O-&nter-residue hydrogen bond
with an oxygen—oxygen distance of 2.9 Another three
additional minima were observed, two of these;-8/ at

3. Results and discussion (272, 58) and M,-4 at (295, 304) were found to be
aligned along the sam@ axis as that of M-1 and M-2.
3.1. Unsubstituted disaccharides M,-5 with @ torsion angle in the + gaucheorientation,

angle (66, 233) is higher in energy by 6.3 kcal mol. A
The profile of the adiabatic map for the ,Misaccharide = combination of NMR spectroscopy and molecular model-
is shown in Fig. 2. As generally found for equatorially— ling (using solvation effects) on the mannobiose, has estab-
equatorially linked disaccharides, such as sophorose, lami-lished that the conformation M6 is dominant (Bergamini
narabiose and cellobiose (Dowd et al., 1992, French, 1989),et al., 1995) in water solution. The preferred orientation of
the map has two perpendicular intersecting low-energy the M, energy minima’s hydroxymethyl groups in the two
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Fig. 3. MM3 adiabatic potential energy surface of the G-M disaccharide as a function &fahd ¥ torsion angles (* locates the energy-minima).

lowest energy conformers wggon the reducing monomer.  displayed different behaviour because all three staggered
However, on the non-reducing end, tlgé orientation is orientations were stable. Values of arourd60° had con-
preferred. All the others conformers would prefer thie siderably higher energy than those af @dd 180. Thus,
orientation of both pendant groups. From the whole such conformations would not be represented in the
potential-energy surface, the hydroxymethyl group on the equilibrium mixture.

reducing monomer has preferentiallggorientation (62% Four low-energy areas were identified on the above
of the surface), whereas on the non-reducing end, 77% ofsurface. The lowest energy conformer was observedl, at
the surface corresponds ta@aorientation. ¥ values of (79, 192). This position is in agreement with

For the G-M disaccharide the adiabatic map is given in the lowest energy conformer of G-M as determined by
Fig. 3. This map may be compared with the MM3 relaxed- Bergamini et al. (1995) using quantum chemical methods.
map of Bergamini et al. (1995). Both surfaces are similar Other minima occurred at (7983); (87°, 293) and (129,
and the minor differences observed may be accounted for by242); with energies of 1.8, 2.2 and 5.9 kcal mblrespec-
the use of different dielectric constant values and starting tively, above the calculatethinimum minimorumThe gt
geometries. A low energy region extending along¥haxis orientation of the hydroxymethyl group of galactose was
was observed which corresponds to thegauchestaggered  preferred for all the six minima, as expected, because of
orientation of theb torsion angle. This is in agreement with  the axial oxygen on the C-4 atom (Marchessault & Perez,
the exo-anomeric effect reported by Tvaroska & Kozar 1979). Although, for galacto-type residues, it is generally
(1980). Thetrans orientation (186) did not correspond to  accepted that th&g conformation is favoured, our results
the energy minimum and the— gaucheconformer was indicated that theg population is poorly represented with
found at higher energy regions. Th& torsion angle just 3.2% of the total surface. The glycosidic linkage torsion
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Fig. 4. MM3 adiabatic potential energy surface of th8V trisaccharide as a function of tiieand ¥ torsion angles (* locates the energy-minima).

angle was also found to correspond principally to tite

drawing of each of the lowest energy conformers is shown

conformation (67%). The present results show that the con-in Fig. 7.

formations of the G-M disaccharide can be properly

described by four structures in equilibrium witf, (¥, )
values of (79, 192, 7£), (79, 83, 71°); (87, 293, 79)
and (129, 242, 72). All of these were used in the

computation of the maps corresponding to the trimers anddetails of each map should

tetramer.

3.2. Effect of substitution

Each map created displayed a similar shape. The
accessible values of the torsion angkesand ¥ around
the glycosidic bond of the mannobiose part for different
molecules appear to be equivalent. However, specific
reflect the effect of
different schemes of substitution. Other differences such
as the position of the lowest energy conformer, the
number and energies of observed minima, and
different barrier heights between minima may also be

A galactosyl side chain on the reducing or non-reducing found.

end of the M disaccharide gave compoundsN&, and

The total accessible space, delimited by the 10 kcal -

G°M,, whose adiabatic conformational energy surfaces mol~*limit, was equivalent for &M, and M,. This suggests

are presented in Figs. 4 and 5, respectively. Fig. 6 showsqualitatively that the substitution of the hydroxymethyl side
the calculated contour map obtained by simultaneous group by the galactosyl group on the reducing manosyl unit
introduction of a galactosyl side chain on both monomers have only a slight influence on the overall flexibility. How-
of M, (compound G?M.,). Values of the key torsion angles  ever, the total accessible surface oG and G"°M, was

$, ¥ and w for the different residues, along with dipole considerably lower than that of Mresulting in a general
moments ) and energies of the predicted minima for the lowering of flexibility. This result indicates that the substi-
four oligomers studied are listed in Table 1. A molecular tution on the non-reducing unit has the more significant
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Fig. 5. MM3 adiabatic potential energy surface of th&Mg trisaccharide as a function of tieand ¥ torsion angles (* locates the energy-minima).

influence on the flexibility of the glycosidic linkage between Low-energy conformers were encompassed by the fifth
the two mannoses. contour in the M case, whereas for the others
The lowest energy contours of the maps computed for the compounds they were encompassed by the third. Within
substituted oligomers displayed remarkable differences this area only one conformer was observed foy &hd
when compared with those computed for the unsubstituted G?M,. This minimum had little influence over the global
oligomer. Evidence suggests that the principal region for the map of M, as its relative energy is higher than that of
M, map is shallow, with multiple equivalent conformers. the global minimum (3 kcal mof) but should be more
This region showed unambiguously, two large low-energy important in the substituted oligomers because their
spaces that are separated by an energy barrier higher thamelative energies are 1kcal mo] 2 kcal mol* and
1 kcal mol™. Thus, conformational fluctuations and inter- 0.5 kcal mol* for G'M,, G®M, and G"M,, respectively.
conversions may occur. Maps of the substituted oligomers However, for GM, and G"M, three conformers were
displayed a steep first contour, suggesting an extra-stabili-clearly distinguishable suggesting an enhanced flexibility
zation of one particular conformation (the lowest energy for these compounds in this region. The remaining stable
minima of M, for G!M, or the second lowest conformer area of the maps was located &t ¥ values of around
of M, for G®*M, and G"°M? as compared to all the other  (60°, 240). For G?M, and G°M,, this region is deepened
conformers within this region. In this case, the libration with respect to M, and GM, (which is absent in the &1,
motion around the exact position of the minimum appeared map).
to be very restricted. The results of this study show that the location of the
This behaviour was not the same as for the auxiliary substitution influences the overall flexibility of the glycosi-
region at &, ¥ values of approximately (270 60). dic bond for mannobiose. A quantitative estimate of the
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Fig. 6. MM3 adiabatic potential energy surface of tht™a , tetrasaccharide as a function of theand ¥ torsion angles (* locates the energy-minima).

conformational freedom of the glycosidic linkages is given dielectric value of 80 which, in principle, should decrease
by the calculated partition functiorg). For M,, q had a the importance of electrostatic interactions. Inspection of the
value of 66 de§ Galactosyl substitution on the reducing oxygen—oxygen distances of the lowest energy minimum of
end of mannobiose increasedio 97 ded whereas on the each map suggested that hydrogen bonding occurs
non-reducing residue decreased it to 4 ddpjsubstituted within these structures. The combination of theand ¥
mannobiose compound hadjaalue of 17 de§ Therefore, torsion angles between the two mannoses allows these
compared to M, G'M, is very flexible, whereas @1, residues to interact with the hydroxyl group HO-3
and G"°M, are not. Concerning the lowest energy area, through the oxygen atom O-5n addition to this common
substituted oligomers had a very restricted libration motion feature, structures ¥, and G'?M, are stabilized by
and the interconversions between different minima required hydrogen bonding between distant residues. All of them
surmounting a high energy barrier. This also strongly involve the HO-3 group of the reducing mannose and
favours the extra-stabilization of a few particular the HO-6 and HO-2 groups of the galactose carried by
conformers. the non-reducing mannose. These hydrogen bonds are
Changes in flexibility with the substitution may be due to characterized by an average oxygen—oxygen distance of
the steric interaction imposed by the presence of bulky side-2.9 A.
groups, as compared to the hydroxymethyl group. However, Predicted values of observable NMR parameters,
because of the presence of numerous hydroxyl groups, some&omputed by proper averaging over the entire maps, also
conformers are stabilized by hydrogen bonding between indicated conformational differences between all the
the galactosyl side group and the mannosyl residues. Notecalculated structures. The key coupling constants which
that this phenomenon was observed despite the use of aare frequently used in conformational analysis of



34 C.L.O. Petkowicz et al./Carbohydrate Polymers 37 (1998) 25—-39

Fig. 7. Molecular representations of the lowest energy conformers,dal G'M, (b), G*M, (c) and G*°M, (d).

carbohydrates are those measured through the glycosidianannose have three rotatable bonds. Therefore three
bonds (Taravel et al., 1995); they are reported in Table 2. variables, namelyp, ¥ and w are necessary to define the
Calculated carbon-proton coupling constants for, M average glycosidic geometry. The first two are properly
(Table 2) show a reasonable agreement with alreadydescribed by 3Joy coupling between C-6 and H-1
known experimental values (Bergamini et al., 1995). It is (angle®), and C1 and H-g or H-65 for the ¥ angle. The
clear, by inspection of Table 2, that the sensitivity of anglew is dependent on the homonucledll,, between
these parameters differ. Heteronuclear three-bond carbonH-5 and H-& or H-6s. It is obvious from inspection of
proton couplings show substantial variations and they are, Table 2 that the different segments studied principally
thus, the most sensitive parameter, while heteronuclearaccommodate the substitution by variation of theorsion
one-bond couplings differ by less than 0.5 Hz. The large angle.

differences observed for th&lc couplings between the

two mannoses stresses that bdthand ¥ torsion angles  3.3. Polymer chain characteristics

are sensitive to galactosyl substitution. Note that such

behaviour has also been measured by NMR spectroscopy From the potential energy surfaces of appropriate skeletal
(Bergamini et al., 1995). Rly,.c4 difference of 0.4 Hz has  segments of galactomannan chains, 4000 samples of
been reported between Mand GM, while the measured galactomannan having 3000 backbone residues each were
e were almost identical. While larger, our predicted generated according to the MMC procedure. In this simula-
difference is in agreement with the measured values. Thetion different substitution rates were investigated ranging
glycosidic bridge between a galactosyl group and the from a pure unsubstituted mannan chain (Man:Gal ratio of
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Table 2

Calculated"Jc., 2Jc.y and 3J,y4 coupling constants (Hz)

Coupling M, G-M GM, GM, GM,
Ven

C1l-H1(M) 162.5 - 162.5 162.6 162.6
C1-H1(G1) - 169.8 169.5 - 169.4
C1-H1(G2) - - - 169.7 169.5
C4-H4(M) 146.5 - 146.7 146.5 146.8
C6-H6R(M) — 146.4 148.3 - 146.5
C6-HES(M) - 146.6 146.4 - 146.5
C6-H6R(M) - — - 146.6 147.7
C6-HES(M) - - . 147.5 146.5
RV

H5-H6R (M) - 7.6 10.6 - 10.5
H5-HBS(M) - 2.7 0.8 - 0.7
H5-HBR(M') - - - 10.4 10.6
H5-H6S(M) - - - 0.6 1.0
3‘]C-H

C4-H1(M'M) 3.4 - 3.6 2.2 3.2
C1-H4(MM') 4.6 - 4.4 5.3 5.0
C6-H1(MG1) - 3.3 3.1 - 3.3
C6-H1(M'G2) — - - 3.1 3.0
C1-H6R(G1M) - 2.3 4.4 - 2.2
C1-H6S(G1M) - 1.7 2.1 - 1.8
C1-H6R(G2M) - - - 2.2 3.5
C1-H6S(G2M) - - - 1.9 2.5

1:0) and those with a substitution level of (5:1) to the distribution of galactosyl groups has a significant effect on
idealized homo-galactomannan (1:1). The galactosyl sidethe calculated features: the block polymer is predicted to be
groups were inserted onto the mannan backbone at randomthe stiffer one, whereas the alternating sequence is the most

Various computed average properti€s; Ly, (R) and{(s?)? flexible. Random distributions are in between these two
as functions of the degree of polymerization are shown in extremes.

Fig. 8. Table 3 showsC. and ‘@ estimated from the Fig. 10 shows a drawing of a typical conformation of a
asymptotic behaviour o€y andLy. segment (100 mannoses) of a mannan chain (a) and a

Our results indicate that the insertion of galactosyl side galactomannan chain (b) having a random distribution of
chains induces an important lowering of the calculated galactoses for a 2:1 Man:Gal ratio. Representative snapshots
chain extension when compared with that of pure mannanof 2:1 galactomannans (having 2000 main-chain residues)
chains. The estimated asymptotic lifdit of a pure mannan  differing in the distribution of galactoses are shown in
chain is 47 and this value decreases to 35 when the chain igFig. 11. These drawings were selected as representative
substituted in the ratio of one side chain for each five examples from a survey of 4000 chain conformations
skeletal units (5:1). However, at high levels of substitution from the MMC sample of chains having 3000 residues on
(between 3:1 and 1:1%;.. values reach a limit in the chain  the backbone.
contraction of about 30, showing that in this range the Light scattering and viscometry are the principal techni-
influence of galactose is not significant. Note that all the ques which have been used to characterize the size and
curves converge to their asymptotic values at low degrees
of polymerization. This feature is independent of the degree Table 3

of substitution and suggests a significant stiffness in theseCharacteristic ratioC.. and persistence lengtha”* estimated from
asymptotic behaviour d€x andLy

chains.

To investigate how the side chain distribution influences Polymer C.. a (A)
the galactomannan chain properties, calc_ulatlo_ns have been.; . iactomannan 30 %
carried out for (2:1) and (3:1) Man:Gal ratios with the three 5.1 gajactomannan 29 85
possible extreme patterns of galactosyl distribution: 3:1 Galactomannan 31 91
random, block and alternated. Both ratios show the same4:1 Galactomannan 33 100
trends, therefore only the results of the (2:1) Man:Gal ratio -1 Galactomannan 37 113

Mannan 48 145

are shown in Fig. 9. For the same Man:Gal ratio, the
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Fig. 8. Characteristic rati€y (a), persistence lengthy (b), end-to-end distand®) (c) and radius of gyratioks?*? (d) versus degree of polymerization
calculated for mannan chains having different content of galactose substituents: Man:Gal ratios9f 1:0 (@), 2:1 (O), 3:1 (¥), 4:1 (V) and 5:1 W).

shape of galactomannans. Experimental values of thenearest-neighbour and the next nearest-neighbour frequen-
squared radius of gyration are reported for galactomannanscies are determined and the true structure remains unknown.
differing in their degree of substitution. The studied samples Therefore, in the present study, the three different schemes
were those fromMimosa scabrellaCyamopsis tetragono-  of galactosyl substitution onto the mannan backbone
loba (guar), Schizolobium amazonicunand Ceratonia enables the generation of idealized primary structures
siliqua (locust bean), having Man:Gal ratios of 1:1, 2:1, which approximate the real ones. The literature data on
3:1 and 4:1, respectively. 2:1, 3:1 and 4:1 galactomannans report experimental
Galactomannan frorvimosa scabrellseeds, for which ~ values for samples having unique average molecular
each mannose is substituted by a galactosyl group, haveweights of 1.316, 1.110 and 1.4 16, respectively,
been extensively studied both experimentally and theoreti- corresponding to 5350, 5000 and 7000 mannosyl backbone
cally (Petkowicz et al., 1997). Fractions purified using gel residues. To facilitate the comparison, specific MMC
permeation chromatography enables characterization ofcalculations of these galactomannan chains have been
samples with homogeneous average molecular weightscarried out within the three different schemes of galactosyl
ranging from 3240 to 972 000. The excellent agreement distribution.
between predicted values of tHe?¥? and ‘@ and the Experimental measurement of the average squared radius
experimental ones suggests that the methods used in thesef gyration(s?)"* for a sample of guar, witMy, = 1.3 10,
studies successfully describe the solution behaviour of suchwas 978 A(Frollini et al., 1995). Guar galactomannans are
chains. However, this is an extreme case in which the characterized by a 2:1 composition. There is a good
primary structure is unambiguously defined. For the other concordance between this value and the predicted one
cases,’®C NMR and specific degradation methods have within the block pattern of substitution, that is 890A
been used to study the distribution of the galactosyl Random and alternate patterns predict 84amd 750A
groups. These techniques suffer from limitations; only the respectively. According to studies on the fine structure of
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Fig. 9. Characteristic rati€y (a), persistence lengthy (b), end-to-end distand@®) (c) and radius of gyratiofs?*? (d) versus degree of polymerization
calculated for a 2:1 galactomannan with different patterns of galactose distribution: rajiobtocks (¥) and alternate®).

guar galactomannan by Hall & Yalpani (1988)galactosy! same Man:Gal ratio andly. Theoretical values for an
groups occur in blocks. However, other studies have alternate and a block distribution of side chains are 969 A
suggested that the side chains are arranged mainly in pairsand 1072 Arespecnvely

and triplets (Hoffman & Svensson, 1978, McCleary et al.,

1985). There is a strong discrepancy in the reported

experimental values ofC. that have been deduced 4. Conclusion

from guar galactomannan. Published values range from

12.6 (Robinson et al., 1982) to 78-138 (Yalpani, 1988). Using molecular modelling techniques, thé, ¥

The predicted value here was29. Another study of a  conformational properties of four representative fragments
3:1 galactomannanM, = 1.1 1) extracted from the of galactomannan molecules, ;M G'M,, G*M, and
seeds of Schizolobium amazonicurfound a radius of G'®M, have been studied. Differences in the potential
gyration of 839 A(Petkowu:z unpublished results). The energy surfaces reflected the effect of the galactosyl
predicted values were 826,A750A and 890°Afor a substitution on the inherent flexibility of the mannobiosyl
random, alternate and block distribution of the galactosyl backbone. These surfaces allowed the Monte Carlo
groups, respectively. There is quite good agreementsimulation of long galactomannan chains. The calculated
between experimental data and those predicted for amean characteristic ratio, squared radius of gyration, end-
random chain. Studies of its fine structure suggest thatto-end distance and persistence length as a function of
Schizolobium amazonicugalactomannan have a random degree of polymerization have been discussed for
arrangement ob-galactosyl groups (Ganter et al., 1995). various degrees and schemes of galactosyl substitution. It
An experimental radius of gyration value of 1450 A has been shown that the unperturbed dimensions are
determined from a sample of 4:1 locust bean galactomannanaffected by both the degree of substitution and by the
with My, = 1.4 10 (Yalpani, 1988), is higher than our primary sequence of the molecule. Such a study has
predicted value, 990 Afor a random chain with the allowed a quantitative correlation to be drawn between
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(a)
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Fig. 10. Snapshots of a segment (100 mannosyl residues) of a mannan chain ﬁ(;
(©

(a) and a random 2:1 galactomannan (b).

Fig. 11. Snapshots of galactomannans having 2000 mannosyl residues for

these two factors and the stiffness and extension of different patterns of substitution: random (a), alternate (b) and blocks (c).

polymeric chains.
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