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Using a Metropolis Monte Carlo algorithm, various average properties of several
pectic polysaccharide models were calculated based on the conformational
energies for parent disaccharides. The relaxed potential energy surfaces of
disaccharides were calculated using the CHARMm force field. Solvent effects
were evaluated by calculating a solvation energy for each conformational state by
estimating contributions from a cavity formation, and from the electrostatic and
dispersion interactions between solvent and solute molecules. The behavior of the
mean characteristic ratio, the squared radius of gyration, and the persistence
length versus chain length is discussed for various structural models, temperature,
and solvent. It is found that the unrefined model of the alternating co-polymer
polygalacto-galacturonic acid in vacuum is consistent with the experimentally
measured dimension of pectin in salt excess. This model is used to generate
computer images of the characteristic conformation of pectin chain. © 1997

Elsevier Science Ltd

INTRODUCTION

Polysaccharides are  biological = macromolecules
currently attracting an enormous amount of interest.
Investigation that can provide information on the three-
dimensional structure of these molecules in solution is
very important for understanding their physicochemical
and biological properties and also their industrial
applications. One of the most characteristic aspects of
the physical chemistry of polysaccharides is the ability
of the long polysaccharide chains to assume an enor-
mous variety of spatial arrangements around the glyco-
sidic linkages. This means that observable parameters
describing the solution behavior of polysaccharides are
averages of the properties of the individual conforma-
tions.

Theoretical polysaccharide models are based on
studies of the relative abundances of the various
conformations of a given polysaccharide together with
the statistical mechanical theory of polymer chain
configuration (Flory, 1969; Brant, 1976, 1980; Brant &
Burton, 1981). Polysaccharide models, refined to
various extent have been presented for different poly-
saccharides and the calculated properties have been
compared with experimental results (Buliga & Brant,
1987; Brant, 1990; Ruggiero et al., 1995). Calculations
generally refer to the unperturbed state, which is the
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condition where the long-range repulsions are exactly
compensated by long-range attractions. This corre-
sponds to the experimental A-conditions. A repre-
sentation of potential energy surfaces is usually
performed by calculating two-dimensional maps of the
internal energy of an appropriately chosen skeletal
segment of polysaccharide chain with respect to two
glycosidic torsional angles, all the other internal para-
meters being kept fixed. This approach is usually
based on the following assumptions: (a) that the
distribution of internal energies for the various
conformations of the chosen dimeric segment is not
too different from that of the same segment in the
polysaccharide chain; (b) that the torsional angles of
any given glycosidic linkage, while strongly correlated
with one another, are uncorrelated with the torsional
angles of any other glycosidic linkage; and (c) that the
presence of the solvent is neglected. Recently, it was
suggested that the change in macroscopic properties of
polysaccharides observed in different solvent are at
least partially originated from variation in the short-
range polymer—solvent interactions, which influence
the abundances of the conformational isomers (Urbani
& Cesaro, 1991).

In this paper we attempted to study the conforma-
tional distribution of different unperturbed pectin
models. For this purpose a Metropolis algorithm of the
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Monte Carlo technique is applied to generate a large
sample of polymer conformations, distributed according
to Boltzmann statistics at a given temperature. Confor-
mational energy surfaces generated for this purpose are
calculated as fully relaxed maps of proper oligomers
and take into account solvent-saccharide interactions.

The basic backbone of pectin polysaccharide is
formed by (1—4)-linked «-D-galacturopyranosyl resi-
dues, either free or in ester form, these homo-
galacturonan sequences may be interspersed at intervals
with S-L-rhamnopyranosyl residues carrying the major
part of neutral sugar side-chains, mainly arabinans,
galactans or arabinogalactans (Walker, 1990). In the
physicochemical analysis of pectins, the characterization
of both their size and shape were studied by many
techniques, such as osmometry measurement {Owens et
al., 1946; Fishman et al., 1986), wide and low angle laser
light scattering coupled with or with not size exclusion
chromatography ( Jordan & Brant, 1978; Plashchina et
al., 1985; Chapman et al., 1987; Fishman et al., 1991;
Kravtchenko et al., 1992a, b; Ousalem et al., 1993;
Malovikova et al., 1993), and viscometry (Axelos et al.,
1987, 1991; Hourdet & Muliler, 1987, 1991a, b; Berth,
1992), and low speed sedimentation equilibrium
(Harding er al., 1991). However, the heterogeneity of
the primary structure and the presence of aggregates
could affect the molecular state in solution and there-
fore disturb the accurate determination of molecular
weight, thus explaining the divergent reported literature
data on the solution characteristics of pectins. Depend-
ing on the authors and the measuring techniques used,
pectins molecules have been reported to behave as rigid-
rod particles (Owens et al., 1946) or as coils of variable
stiffness (Anger & Berth, 1985, 1986; Deckers ef al.,
1986; Axelos et al., 1987). Some authors have reported
that the stiffness of chains could depend on the degree
of esterification (Deckers et al., 1986). The neutral sugar
content has been reported to affect the conformation
and it has been suggested that fractions rich in neutral
sugars are responsible for the high molecular weight
found in some cases (Berth, 1988). The present study is
an attempt in development of the theoretical poly-
saccharide chain model of linear part of pectin mole-
cules.

SYSTEMS AND METHOD OF CALCULATIONS
Conformational energy estimates

The calculations reported in this paper have been
performed on various (1—4)-linked disaccharides of
galactose derivatives which represent different segments
occurring in the pectin chain. In order to evaluate the
influence of the chemical structure of the group on the
C5 atoms on polysaccharide models the following
dimers were chosen:

0-a-D-Galactopyranosyl-(1-—4)-a-D-galactopyranose
(galabiose, 1),

O-(a-D-Galactopyranosyluronic acid)-(1—4)-a-D-
galactopyranose (2},

0-a-D-Galactopyranosyl-(1 —4)-a-D-galactopyr-
anuronic acid (3),

O-(a-D-Galactopyranosyluronic acid)-(1—4)-a-D-
galactopyranuronic acid (digalactouronic acid, 4),
O~(o-D-Galactopyranosyluronate)-(1-—4)-a-D-galac-
topyranuronate (5), and

O-(-D-Sodium galactopyranosyluronate)-(1-—4)-a-
D-sodium galactopyranuronate (6).

The six studied dimers differ from each other by the
nature of their pendant groups: hydroxymethyl,
carboxyl, carboxylate or sodium carboxylate. The
recommendations and symbols proposed by the
Commission on Nomenclature [UPAC-TUB (1971) are
used throughout this paper. Representations of the six
disaccharide compounds along with the labeling of the
atoms are given schematically in Fig. 1. The notation of
individual conformers is based on the values of
torsional angles ® (O5'—C1'—04—C4) and ¥ (Cl'—
04—C4-—C5) that describe the relative orientation of
galactopyranosyl residues. The orientation of pendant
groups is defined by additional torsion angles w (05—
C5—C6—06) and o' (05'—C5'—C6'—06'). The initial
internal geometry of 1 is based on its X-ray crystal
structure (Svensson et al., 1986). The coordinates of the
hydrogen atoms were determined using a C—H bond
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(1) CH20H CH20H
(2) COOH CH20H
(3) CH20H COOH

(4) COOH COOH
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Fig. 1. Schematic representation of the disacharides 1-6.
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length of 110 pm and an O—H bond length of 99 pm,
with bond vector related appropriately to the C—C and
C—O bond vectors. The geometry for 2-6 were the
same as for 1 except for the replacement of hydro-
xymethyl groups by appropriate carboxyl, carboxylate
or sodium carboxylate groups whose geometries were
taken from crystallographic coordinates of acid
compounds (Thanomkul et al., 1976, Newton et al.,
1977; DeLucas et al., 1978).

The method of calculation of the energies is iden-
tical to that described in our previous papers
(Gouvion et al., 1994, 1995) which were focused on
the conformational analysis of the above disacchar-
ides using NMR in conjunction with molecular
mechanics. Relaxed (®,¥) maps were prepared by
rotating the rigid residues of 1-6, to each combination
of ® and ¥ on a 10° grid. At each of the ®; ¥; grid
point the energy was minimized allowing the cartesian
coordinates of each atom to vary. Geometry optimi-
zation was carried out with 500 steps of a conjugate
gradient procedure in cartesian coordinates. At each
step, potential energy and energy gradients were
calculated. Minimization was carried out until a r.m.s.
value of less than 0.1 kcal/mol A% of the calculated
gradient is obtained. Energy calculations were
performed with the CHARMm program (Brooks et
al., 1983) using an original force field as interfaced in
QUANTA (Molecular Simulations Inc).

In calculating the energy, the solvation energy
contribution is evaluated for each conformation state
®;, ¥, using a method based on the scaled particle
theory (Reiss et al., 1959). This theory can give a
rigorous description for liquid system consisting of
hard spheres. The applicability of the method to a
wider class of systems such as aqueous solution has
already been demonstrated for the solubility of small
non-polar molecules in water (Pierotti, 1976). The
application of the modified version of this method to
the solvation of saccharide conformers shown
remarkable agreement with the experimentally
observed effect of solvent on the axial-equatorial
equilibrium of 2-methoxytetrahydropyran (Tvaroska
& Kozar, 1980) and glucose (Tvaroska & Kozar,
1986). The method was also successfully used to
predict the effect of solvent on the conformational
properties of various oligosaccharides (Tvaroska,
1989) and recently to describe the effect of solvent on
a dimension of amylose and cellulose chains (Urbani
& Cesaro, 1991). Also this method correctly described
solution properties of two relevant oligosaccharides,
namely digalacturonic acid and sodium digalactur-
onate (Gouvion et al., 1994). In this procedure, the
dissolution of the solute is decoupled into two steps
by experiment: (1) creation of a cavity in solvent,
which has right size to accommodate the solute
conformer, (2) establishing the attractive interaction
between the solvent and solute. The free emnergy of

cavity formation can be estimated from the scaled
particle theory formula. To calculate the contribution
from the attractive interactions we assumed Lennard-
Jones type dispersion interactions and electrostatic
interactions between solvent and solute. The model
and relevant equations have been described in detail
in our previous papers (Tvaroska & Kozar, 1980;
Tvaroska, 1982). The resulting energy values were
used to calculate the partition function of the mole-
cule being studied and Boltzmann factors needed in
carrying out Monte Carlo generation of statistical
chains as described in the following section.

Metropolis Monte Carlo generation of chain

A few studies utilizing Monte Carlo methods for the
investigation of the configurational and conformational
properties of polysaccharides have been published
(Jordan et al., 1978; Cesaro & Brant, 1981; Gagnaire et
al., 1982; Kitamura et al., 1987; Urbani & Cesaro, 1991;
Yui et al., 1994). In all these investigations, a normal-
ized probability has been associated with each ®; ¥,
state. Then polysaccharide chain of » residues have been
created using a sequence of n—/ random numbers with
the configuration of the i-th residue determined by the i-
th random number. We present a Monte Carlo method
in which the orientation of the i-th segment is deter-
mined using the Metropolis algorithm (Metropolis et
al., 1953). The algorithm comprises the following steps.
In the first, the conformer in (®,¥) space is randomly
selected. In the next step, the new orientation of ® and
V¥ dihedral angles is selected at random. Then the energy
difference AE between the newly generated state and
the previous state is calculated. If a new state has lower
or equal energy than the old one, the state is always
accepted, otherwise the Metropolis test is applied. The
new conformation is then accepted or discarded
according to the outcome of a statistical test in which
the random number is generated in the interval 0~1 and
compared to the Boltzmann factor exp(—AE/RT),
where R is the gas constant and T the temperature. If
the random number is smaller than the Boltzmann
factor, the new state is accepted. If it is greater, the old
conformation is restored and counted again in the
Monte Carlo sample. With respect to the generated
values of & and ¥ the polysaccharide chain is built
using geometry corresponding to these conformations
of the two residues. Optimized or rigid geometries can
be used in this step. Program METROPOL (METRO-
polis POLymer generator) is written in C.

Configurational statistic

Polymer chain dimensions are usually calculated using
the rotational isomeric state model (Flory, 1969) which
has been adopted for calculation of observable config-
uration-dependent polysaccharide properties (Brant,
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1976, 1980). In the present case all ensemble-average
chain properties are determined by Metropolis Monte
Carlo (MMC) configurational sampling.

From generated chains, several configurational char-
acteristics are evaluated. The size of the polysaccharide
chain is characterized by the mean-square end-to-end
distance <r*(x)>

< P (x) >=< (g — 1) > (1)
and by the mean square radius of gyration Rg2
200 1/42 2
Ry(x) = 1/x"% <y > (2)

where x is the degree of polymerization, r; is the
position vector locating the i-th bead of the chain, r;
is the vector from bead i to bead j. Angle brackets
<...> denote an ensemble average. In order to facil-
itate the comparison of the effect of the structure and
the effect of a solvent on the intrinsic extension of
flexible chain with differing degree of polymerization,
it is useful to use the dimensionless quantity C,=
<r®>/xL* Here L is the so called ‘virtual’ bond
connecting a pair of adjacent glycosidic oxygens. In
the flexible residue model, this distance is not
constant but varied with conformation. However, a
single geometry was used in constructing the polymer
chains because of computational speed and memory
problems. This simplification has in fact no conse-
quences on the resulting chain dimensions because
ring puckering fluctvuations are compensated along the
chain. Therefore, in such a case the average value of L
over all residues is used. In the hmit of infinite chain
C, becomes equal to the characteristic ratio

Co =limC, =lim < r* > /xL? (3)

As an alternative way to describe a chain extension
we have calculated the persistence length L, which
is originally defined as the average projection of the
end-to-end distance vector r on the first bond of the
chain, in the limit of infinitive chain length, for a
chain of degree polymerization x. Directional corre-
lations of the terminal residue are described by a
correlation function which measures the mean
projection of a unit vector along the x-th residue
onto the direction of a residue vector aligned with
the first residue

< oSy, >=< uly > (4)

where u; is the unit vector between the ; and (i + 1)th
beads.

Typical calculations involve averaging for 1000
molecules containing 2000 residues each. Calculations
have been performed at various temperatures, 27°, 227°,
427°, and 727°C. Calculations were performed on the
IRIS Indigo 2 workstation at CERMAYV, molecular
drawings were produced by using Quanta software
(Molecular Simulations Inc.). Isoenergy contour lines
were generated using a home made program CARTO.

RESULTS AND DISCUSSION

In order to estimate the average properties of various
models of pectic polymer chains it is necessary to know
the conformational energy surfaces for corresponding
dimeric units. Some fully relaxed conformational energy
surfaces calculated for disaccharides 1-6 are shown in
Fig. 2 for dimethyl sulfoxide and water solutions. The
maps calculated for isolated molecule are not shown
here as they were already presented in our previous
paper (Gouvion et al., 1995).

The noteworthy features of the relaxed conforma-
tional potential energy surfaces for various (1-—4)-
linked diaxial disaccharide systems are the presence of
several low energy domains where all minima appear.
These regions are centered at (& =80°, ¥ =100°),
(150°, 150°), (70°, —100°), (140°, —30°), (150°, —60°),
and (—~60°, 140°), respectively. The occurrence and the
relative energy of these areas noticeably depend on the
chemical structure of substituents at C5 and C5'. The
minimum energy conformation in all studied
compounds corresponds to the one of the (80°, 100°) or
(150°, 150°) regions. As transitions between these two
regions generally cost less energy than departures to
another area, conformations belonging to these
domains are significant in the evaluation of equilibrium
properties. A substitution of carboxyl group for hydro-
xymethyl group appreciably decreases the flexibility of
molecules which is even enhanced by dissociation of this
group. A comparison of the relaxed conformational
energy surfaces in solution shows that the studied
compounds display a quite different solution behavior.
The reasonable agreement between the calculated and
experimental data (Gouvion er al., 1994) for diga-
lacturonic acid and sodium digalacturonate suggests
that the force field with the incorporation of the solvent
effect used for the calculation of relaxed ®,¥ surfaces
correctly describes the solution behavior of non-charged
as well as charged compounds.

The sensitivity of average characteristics to the
chemical structure, solvent and temperature has been
investigated for four homopolymers and one copoly-
mer: polygalactan (11), undissociated polygalacturonic
acid (44), ionized polygalacturonic acid (55), sodium
polygalacturonate (66), and a perfectly alternating
copolymer, the undissociated polygalacto-galacturonic
acid (23). The virtual bond length used for the calcula-
tions was 4.5 A, The MMC simulations were carried out
using corresponding conformational energy surfaces of
disaccharides without any refinement of the force field
with respect to experimental data. With respect to this,
evaluated configurational properties refer to unrefined
models of polysaccharide chains (Brant & Christ, 1990).
Figure 3 shows C, as a function of the degree of poly-
merization x. Table 1 summarizes the relevant config-
urational characteristics (equations 1-4) for all the
pectin substances. Note that the C,, and L., values
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Fig. 2. Relaxed conformational energy surfaces computed for disaccharides 1-6 for dimethyl sulfoxide and aqueous solutions.

reported in the table are calculated from the C, and L,
after fitting to a exponential equation in order to
describe properly the asymptotic behavior of these
functions. A comparison of calculated radii of gyration
R with the experimental values is given in Fig. 4.

Influence of the chemical structure

The characteristic ratio serves as a key quantity in
describing the conformational properties of polymers.
The plots of C, for non-ionized (1-—4)-linked diaxial
polysaccharides at 27°C in the isolated state, computed

as a function of the degree of polymerization x for
polymers 11, 23 and 44 are shown in Fig. 3a. The
extrapolated asymptotic values of the characteristic
ratio C, for infinitely long chains as well as the values
of Xos, which is the degree of polymerization at which
C, reaches 95% of its value in the gaussian limit (Brant
& Burton, 1981), together with the predicted values of
the persistence length L, are reported in Table 1. It can
be seen that the calculated characteristic ratios notice-
ably depend on the character of the monomer pendant
group. The values C, =62 and 47 that have been
obtained for 11 and 44 are much higher in comparison
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to C,, =24 caiculated for 23. This suggests larger spatial
extension and stiffness of the former polysaccharide
chains. The calculated results also show that the C, of
23 converges to the asymptotic value at lower degree of
polymerization than that for homopolymers having
either carboxylic (44) or hydroxymethyl (11) substi-
tuents. It is clear from the relaxed (®,¥) potential
energy surfaces of the disaccharides that flexibility
about the diaxial glycosidic bond is restricted. The large
difference between the low value of C,, computed for
the co-polymer and those obtained for homopolymers
suggests a considerable sensitivity of calculated config-
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Continued.

urational properties to the relative energy of individual
conformers or in other words to the shape of the ($,¥)
map. Monte Carlo samples of homopolymers are
generated using only one potential energy surface. The
map of the parent disaccharide 1 for polygalactan is
characterized by the presence of two minima with simi-
lar energy levels. The map for disaccharide 4 which
corresponds to polygalacturonic acid also has one
dominant conformer. On the contrary, a co-polymer is
generated by using two different maps alternatively. For
polymer 23 these maps correspond to the maps for the 2
and 3 disaccharides. The dominant conformer is at
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$=110" and ¥=170° for 2, whereas two different
conformations occurs approximately at the same externt
for 3 at (100°, 90°) and (50°, 90°). Since the spatial
arrangement of two contiguous monosaccharide resi-
ducs in the lowest energy minima of 2 and 3 is different,
the directional tendencies inherent in the linkage
geometry of 2 and 3 disaccharides also differ. As a result
polymer 23 is evenly bent (Fig. 5b), and thus yields the
considerably smaller C,, =24. This suggests that the
low value of C,, reflects a tortuosity of the 23 polymer.

Theoretical studies on (1-+4)-diaxially linked homo-
polysaccharides have also been made (Yathindra &
Rao, 1972; Whittington e al., 1973; Walkinshaw &

Arnott, 1981; Burton & Brant, 1983; Ruggiero et al.,
1995). All of them illustrate the important stiffness of
these chains. Using standard matrix methods for stalis-
tical mechanical averaging, different values of the char-
acteristic ratio, C,, between 142 and 280 have been
found for (1—4)-x-D-galactans. The resulting values of
C,, depended on the magnitude of the glycosidic bond
angle and whether or not the electrostatic interactions
were included in the caiculations of (@,%) maps. These
values are much higher than those caiculated in the
present study. We assume that this discrepancy is a
consequence ol the rigid residues approach used for the
calculation of potential energy surfaces. This approach
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Fig. 3. Characteristic ratio versus degree of polymerization
for (a) polygalactan (11), polygalacto-galacturonic acid (23),
and polygalacturonic acid (44); and (b) for polygalacturonic
acid (44), ionized polygalacturonic acid (55) and sodium
polygalacturonate (66) in vacuum at 27°C.

usually produces unrealistically restricted available
conformational space and as a result, the C, values are
larger.

Influence of the charge, solvent and temperature

The chain dimensions expand upon charging the chain
due to electrostatic repulsions. This is documented by
calculated C,, and L, values. In Fig. 3b the character-
istic ratio is plotted as a function of x for 44, 55, and 66
molecules. It can be seen from the comparison with the
neutral polygalacturonan chain (44) that the ionized
chain (55) assumes a highly extended conformation. The
calculated C_ value increases from 47 for 44 to 266 for
§5. This may be explained by strong short-range repul-
sive electrostatic interactions that occur between the
charged acids groups. These interactions are responsible
for a restriction of the rotational motion to an extre-
mely small area of the potential energy surface for this
molecule. The presence of sodium decreases these
repulsion interactions and increases the flexibility
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Fig. 4. Comparison between experimental ([J Chapman et al.,

1987; W Jordan & Brant, 1978; A Ousalem et al., 1993; @

Plashchina et al., 1985; A Malovikova et al., 1993; O Axelos

et al., 1987) and calculated R, values. The lines connect the

theoretical values for polygalacto-galacturonic acid (23) in

vacuum {continuous line), and polygalacturonic acid (44) in
water (dotted line) and in vacuum (dashed line).

around the glycosidic linkage in 5. As a result, the C.,
value decreases to 124 for 66.

In order to access the influence of the solvent on the
unperturbed chain dimensions, simulations were carried
out for all polymers in the isolated state, in DMSO and
in water solution. The results listed in Table 1 clearly
show the influence of the solvent on the behavior of
polymer chain. A change of solvent from DMSO to
water leads to an increase of the limiting chain dimen-
sions C,. Comparison of the (®,¥) maps for both
solvents suggests the following explanation of these
effects. The two most stable areas of the (®,¥) map
computed in the isolated state for the disaccharide 4 are
approximately at the same energy levels, whereas solva-
tion effects lead to a strong stabilization of the area
where conformers display the largest dipole moment
values. In water solution, these conformers are exclu-
sively present and the conformations within the second
lowest energy area disappear from the equilibrium
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Fig. 5. Perspective drawing of a 300 residue segment of (a) polygalacturonic acid (44); and (b) polygalacto-galacturonic acid (23) in
vacuum, chosen as a representative from 1000 MMC samples. View is perspective to the xy plan and the scale is measured in A. All
the carbon and oxygen atoms are represented by points.

Table 1. Monte Carlo calculated (equations 1-4) mean characteristic ratio, C, radius of gyration, R, (:&), persistence length, L, L,
(A) and Xys of several pectins substances at 27°C

Polymer Solvent <Cox™> <Xgs> R <L.>*% <Ly>

11 vacuum 62 235 642 152 146
DMSO 67 246 673 152 152

water 71 264 684 196 175

23 vacuum 24 87 415 67 58
DMSO 20 99 369 42 28

water 29 108 445 79 72

4 vacuum 47 180 558 139 129
DMSO 75 248 715 182 190

water 146 480 972 402 370

55 vacuum 266 1029 1239 641 645
DMSO 257 990 1202 635 676

water 235 898 1172 570 581

66 vacuum 124 486 885 287 300
DMSO 553 1520 1688 1325 1413

water 693 1653 1826 1662 1812

*Calculated for x=2000.

mixture. On the contrary, solvent effect on the behavior
of the charged polymer 55 is reversed as compared to
the neutral and the sodium forms. It is clear from the
potential energy maps of the parent disaccharide that
the solvent increases the freedom of rotation about the
glycosidic torsion angles which make the 55 chain much
less extended than in vacuum. Increasing temperature
increases the accessible conformational space and thus
increases the flexibility of the chain. This tends to
reduce the calculated C, values.

Calculated solvent specific surfaces for 5 and 6 disac-
charides successfully described their solution behavior
(Gouvion et al., 1994). However, we are aware of

approximations in applying these surfaces to poly-
saccharides. These calculations are restricted to an
isolated chain, ignoring the influence of long-range
electrostatic interactions and the effect of salt and ionic
strength which are screening the electrostatic interac-
tions. For charged polymers these effects are very
important. As a result, the short-range electrostatic
interactions are unrealistically high with the conse-
quence that the 55 and 66 configurations of unrealisti-
cally large extension are predicted. Nevertheless, the
calculated chain dimensions for 55 might be assumed to
be dimensions at very low salt concentration and to
represent a maximal limit of extension. On the other
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hand, dimensions calculated for 44 represent the other
extreme, the dimensions that in reality may represent
the high salt concentration behavior for homopolymer
linked with the a-(1—4) linkage.

Comparison with experimental results

The viscometric data on different sources of pectin
chains shows poor reliability of the {n]-M relationship
(Hourdet & Muller, 1991b). The reported values for the
exponent a in the Mark-Houwink expression are in the
range of 0.62-1.84 which can be explained by the
presence of aggregates and the heterogeneity of the
primary structure. The latter is dependent on both the
origin and the extraction conditions of pectins. Based
on the values of this exponent, it has been concluded
that the solution behavior of pectin chain is either
comparable to a flexible coil or rigid or semi-rigid rod.
In analyzing the experimental data on pectin chains, the
extreme models of a rigid rod or a gaussian coil provide
equally poor fits to the experimental values. Most of the
authors evaluated the conformational characteristics of
those semi-rigid chain polymers by using the worm-like
chain model as a first approximation. Considering this
model which presupposes a homogeneous chemical
structure, the persistence length L, or the characteristic
ratio C., can be deduced in order to obtain the best fit
for a set of experimental viscometric values. Most of the
reported L, values (Axelos & Thibault, 1991; Harding
et al., 1991; Hourdet & Muller, 1991a; Malovikova et
al., 1993) range from 67 to 90 A. However, L, values of
20-25 A were reported for pectins with an extremely low
anhydrogalacturonic acid content assuming a ramified
structure (Hourdet & Muller, 1991b), as well as L.
=153 A for the most methylated and amidated samples
(Axelos & Thibauilt, 1991). The calculated values for the
44 and 23 polymers are in this range. In contrast, the
models with a localized charges (55 and 66) predict very
large L... The total persistence length L., of the macro-
ion is assumed to be a sum of the intrinsic persistence
the length L, , of the uncharged chain and the electro-
static persistence length L. .. Assuming this model
(Odijk, 1977, 1978; Skolnick & Fixman, 1977) and being
aware of approximations used in our calculations, a
difference of the persistence lengths between 44 and 55
might represent the estimate of the maximal electro-
static persistence length.

Information about the shape and chain flexibility of
pectins have been obtained by employing light scatter-
ing measurements. Figure 4 compares experimental R,
values (Jordan & Brant, 1978; Plashchina et al., 1985;
Axelos et al., 1987; Chapman et al., 1987; Ousalem et
al., 1993; Malovikova er al., 1993) obtained by light
scattering for different pectins with calculated values for
polygalacturonic acid (44) in vacuum and in water, and
polygalacto-galacturonic acid (23) in vacuum at 27°C. A
quantitative comparison is complicated because pectin

has structured features other than polygalacturonic
acid. However, it is well known that homo-galacturonic
acid sequences of lengths between 70-100 residues do
occur in the pectin molecules. These models can lead to
a better understanding of the contribution of these
sequences to the global shape of the pectins. The inser-
tion of rhamnose residues in the backbone as well as the
degree of esterification of galacturonic acid units might
influence the average shape of the polymer (Deckers et
al., 1986; Berth, 1988). Furthermore, the heterogeneity
of the chemical structure, especially a difference in the
extent of charged residues, between different sources of
pectins make it difficult to make a straightforward
comparison of the experimental results. In addition, the
weight-average molecular weight measured by light
scattering generally disagrees with that evaluated by
viscometric measurements.

The experimental values of the degree of polymeriza-
tion, x, that are reported in Fig. 4 are calculated from
the experimental weight-average molecular weight
assuming a molecular weight per monomer unit of 182
based on neutron scattering data (Axelos et al., 1987).
Considering that the experimental error in the measured
values of the molar mass are estimated to be less than
20% (Ousalem et al., 1993), this simplification has no
serious consequence on the value of x. The lines repre-
sent theoretical values of R,. For clarity, the values of
R, for x <2000 have also been plotted on Fig. 4b.

A large variation of individual experimental results
can be extracted from the Fig. 4. Pectins having almost
the same chain length (Plashchina et al., 1985; Ousalem
et al., 1993; Malovikova et al., 1993) (x=901, 880 and
907) show different R, values of 300, 590 and 270 A,
respectively. On the contrary, pectins with the same
values of Ry (Axelos et al., 1987; Ousalem et al., 1993),
(360 and 367 A) have completely different chain length
(x=1373 and 2088) residues. The main problem in the
experimental study of the pectin solution behavior is its
strong tendency to form aggregates which disturb the
physical measurement. The shape of the scattering
function shows negative virial coefficients, which can be
interpreted as a concentration-dependent association
and dissociation. The combination of two different
approaches can lead to a better understanding of such
behavior. First, the measured mean polymer chain
dimensions have to be rationalized in terms of the
presence of a very small proportion of aggregated
molecules (Jordan & Brant, 1978, Brant & Goebel,
1972). Second, a clarification process should be devel-
oped in order to remove the interfering superstructures,
most authors have developed more or less suitable
procedures. Another source of uncertainty comes from
the choice of the value of the projection of the monomer
unit on the molecular axis. This value was assumed to
be either 4.37 A (Berth et al., 1994) or 5.10A (Palmer &
Hartzog, 1945).

Figure 4 clearly shows that the configurational statis-
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tics of polygalacturonic acid based on the water specific
(®,¥) relaxed map of the parent disaccharide (4) leads
to considerably higher values of Ry than most of the
experimental data. The only exception is the one repor-
ted (Plashchina et al., 1985) where the correlation is
excellent but the presence of aggregates was clearly
shown. Furthermore, the dependence of Ry on x based
on the vacuum (®,¥) relaxed map of homo-
polygalacturonic acid is in better agreement with most
of the experimental values (Axelos ef al., 1987; Ousalem
et al., 1993; Malovikova et al., 1993). There is, however,
a slight tendency to predict higher values of R,. A
possible explanation is that the unperturbed state is
better described by the map computed for the isolated
disaccharide. The solvent maps are clearly over-
estimating short-range interactions. However, electro-
static repulsion between carboxylic acid groups in the
isolated state and in solution leads to conformational
preferences that diverges from the ©-conditions. These
interactions are screened due to additional salt during
experiment. On the other hand, agreement between
calculated values for 23 in vacuum and experimental
data is satisfactory for the whole range of x <2000. This
suggests that differences in both the charge distribution
and bulkiness of the pendent groups such as hydro-
xymethyl or carboxyl ones in the 23 model reasonably
well the structure of the pectin chain.

Figure 5 shows a perspective drawings of a typical
conformation of a segment (x=300) of (1—4)-diaxially
linked polysaccharides. All carbon and oxygen atoms
are shown and represented by circles. These drawings
were selected as representative examples from a survey
of 1000 chains conformations presented in the MMC
samples of chains having 2000 residues. In Fig. 5a, the
conformation for polygalacturonic acid 44 in vacuum is
presented. The influence of the C5 substituent in the
polymer chain 23 on the character of (1—4)-linked
polysaccharides can be appreciated by a comparison of
Fig. 5a with Fig. 5b where a typical conformation of 23
is shown.,

CONCLUSION

Using a Monte Carlo simulation we have studied the
conformational properties of five models of pectin
chains, namely four homopolymers: polygalactan 11,
polygalacturonic acid 44, ionized polygalacturonic acid
55, sodium polygalacturonate 66, and a copolymer
polygalacto-galacturonic acid 23. The effect of
temperature and solvent was also evaluated.

The calculated mean characteristic ratio, squared
radius of gyration, and persistence length as a function
of degree of polymerization are discussed for various
structural models, temperature, and solvent. The large
difference in the values of C,, clearly indicate that the
difference in the nature, as well as the ionic state, of the

side group at C5 in the sugar ring considerably affects
the unperturbed dimensions and thereby the spatial
extension in solution of the polysaccharides chains. The
high C,, values of all the studied polysaccharides
suggest, however, that every polysaccharides having a
(1—4)-diaxial glycosidic linkage, irrespective of the
nature of the side group, behaves as a semi-rigid rod.

A comparison of calculated and experimental R,
revealed that vacuum model of polygalacto-galacturo-
nic acid 23 is consistent with the experimentally
measured dimension of pectin in excess salt.
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