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Note

Thermally induced conformational transition of xanthan polyelectrolyte
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Istituto di Chimica, Universua di Trieste, Trieste (Italy)
(Received July 28th, 1982; accepted for publication, May 19th, 1983}

Xanthan, the polysaccharide elaborated by Xanthomonas campestris, has a
pentasaccharide repeating-unit (1) and is a (1—4)-8-D-glucan having a trisac-
charide side-chain attached on alternate D-glucosyl residues' ~?. Xanthan solutions
exhibit a distinctive, non-linear behavior in several physicochemical properties
when heated in the range 0-100°. These changes can be reconciled with a thermally
induced, cooperative transition. Two models have been proposed to describe the
secondary (and the tertiary) structure of xanthan. Model 1 assumes that the funda-
mental conformations in the ordered and in the disordered states are a single-
stranded helix, stabilised by alignment and packing of the side chains along the
polymer backbone, and a disordered, stretched, worm-like chain, respectively®.
Support for this model mainly derives from the first-order kinctics of the disorder—
order transition. Model 2 postulates the transition to a single-stranded, disordered
chain from a multistranded helix on the basis of electron microscopy®, sedimenta-
tion, viscosity®, and light-scattering data” '".
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To widen the range of theoretical and experimental approaches to the prob-
lem of the existence of a dimeric structure. we have studied the polyclectrolytic
properties of xanthan. Manning's counterion condensation theory has provided a
tool for describing several properties of polyclectrolytes in terms of the structural
parameter, &, which is unequivocally defined as ¢/DkTh, where ¢ is the value of
the elementary charge, D is the dielectric constant of the medium, k 15 the
Boltzmann constant, 'I'is the Kelvin temperature, and b is the distance between the
projections of the fixed charges of the polyelectrolyte on its contour axis. In the
case of monovalent ions, {or all structural values ot & > 1. a defined amount of
counterions will “condense™ from the solution into the domain of the polymer
chain so as to reduce the “effective™ value of £ to unity. For water, ¢ = 7.14 7'
(with b cxpressed in A). and is practically independent of T. For thermally in-
duced. conformational transitions between states i and [ of a polvelectrolyte,
characterised by a set of £ and & (i.e., b, and b)) values, Manning's theory pre-
dicts’ a simple relationship between the values of the “melting™ temperaturcs
(Thn. the temperature of the transition midpoint) and the logarithm of the ionic
strength. I:
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where AHY,,,, is the value of the enthalpy of transition [in cal.(mol of charge) .
ie.. cal.equivalent™'] determined calorimetricallv. AHM, . is supposed to be es-

sentially due to non-ionic contributions and largely independent of 1.
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Fig 1 Vanation of the Joganthm of the total 1onie strength'® (1) with the inverse of the temperature

ot transition midpoint (metting) (T for aqueous solutions of xanthan Open circles are valucs taken

trom ref 15; the Ty values were determined by optical rotatian, circular dichroism. or harefringence by

polansing microscopy  Filled circles are values obtained on sample B (see Table I). the Ty values were

determined from the saigmondal merease 1n viseosity! 77, measured with a conventional Vibhelohde capil-

lary-viscometer
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This relation has been successfully applied to the transition processes of
DNA, polynucleotides'?, and ionic polysaccharides (carrageenans)'*. In the last in-
stance, the approach has been proved to be of great utility, especially in dis-
criminating between models that implied, for the same conformation, b values
differing by a factor of two.

An accurate determination of the Ty, values of xanthan solutions as a func-
tion of the ionic strength has been published by Milas and Rinaudo'®. Their optical
data are recorded in Fig. 1 together with our viscometric results. The slope of the
linear plot ( —2090 £70 K) is the L.h.s. term of equation 7, which enables the value
of AHZ’é“w for a given pair of values of & and & to be determined.

X-Ray fiber-diffraction data'®'” indicate that xanthan has a 5-fold screw sym-
metry and a pitch of 47 A, with the possibility for single chains to be built in parallel
or antiparallel 5, double-helices. From this structural work, the only information
relevant to polyelectrolytic aspects is the axial translation per cellobiose unit, which
is 9.4 A. Using the values of the degree of pyruvate substitution of the samples of
the present work (0.9 and 0.6 for samples A and B, respectively), the calculated
values of b for the single chain are 4.95 and 5.88 A, respectively.

For model 2, a dimeric ordered structure of xanthan is assumed, which dou-
bles the above values of the linear charge density. In this case, the calculated values
of b are 2.47 and 2.94 A for samples A and B, respectively.

For the “disordered” conformation, a fully stretched cellulosic backbone can
be reasonably assumed; the values of b for the two samples A and B then become
5.42 and 6.44 A respectively.

In Table I, the data pertaining to the two “melting” processes are sum-
marised. The corresponding values of AHM,,,. , calculated by using Equation 7, are
reported in column 7. These AH values can be converted to give thc enthalpy
changes per repeating unit, AHY,,, which are independent of pyruvate substitution
(see column 8 in Table T), according to the implicit hypothesis that the presence of

TABLE L

CALCULATED VALUES OF THE ENTHALPY OF TRANSITION OF XANTHAN FOR DIFFERENT INITIAL CONFORMA-
TIONS (FROM EQUATION 1}

Process Sample® Initial (i) & Final (f) & AH%M,V AH{:,"U,
staie state (keal.equiv.™ "y [kcal (repeating
wunity~"]
1 A Single 5-fold helix 1.442  Stretched coil  1.316  0.32 +£0.01 0.60 +0.02
1 B Single 5-fold helix 1.214 Stretched coil 1.108 0.38 +£0.01 U
2 A (5-fold helix), 2.884 Stretchedcoil 1.316 1.98 +0.06 3.75 +0.12
2 B (5-fold helix)z 2.429 Stretched coil 1.108 2,35 10.08 e

“Sample A was a gift from Professor V. Crescenzi; sample B was a gift from Professor D. A. Brant (Kel-
trol lot No. KTL 24607, Kelcos similar to that used in ref. 11). The degrecs of pyruvate substitution (H-
n.m.r. spectroscopy) were 0.9'% and 0.6!7, respectively. The molecular weights of the repeating unit
(sodium salt form}) were accordingly assumed to be 1061.6 and 1034.0, respectively.
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Fig. 2. Differential scanning calorimetry (d.s.c.) thermogram of a 2 33%¢ (w/w) solunion of xanthan
(sample A) in 9.4mM aqueous NaCl; sample weight. 64,2 mg; scan rate, 10 0 deg.min ™'; Ty =~ 359.0
K: Q = 2.27 cal.(g polym)~!. The thermogram was recorded with a Perkin-Flmer NSC 2C Model.
equipped with a Thermal Analysis Data Station (TADS).

the pyruvate groups affects only the electrostatic part of the total free-energy.

Experimental values of the enthalpy of transition have been determined by
differential scanning calorimetry (d.s.c.) of solutions in 10mM NaCl at three
polymer concentrations in the range 1.45-2.89% (w/w). Three different amounts of
solution (from 30 to 80 mg) were used routinely for ¢ach polymer concentration.
The experiments were normally carricd out at a scan rate of 10 K.min ', with occa-
sional confirmatory runs at 2.5. 5, and 20 K.min ~'. Many samples were analysed
twice or more after storage overnight at 4° in order to check the reversibility of the
transition. A representative example of a thermogram showing 4 rather broad. but
well defined, endothermic peak is shown in I'ig, 2. The ¢xperimental heat of transi-
tion, determined under these various conditions, was randomly dependent on scan
rate, concentration of polysaccharide, and amount of xanthan solution. The aver-
age value of the enthalpy of transitian is 2.47 +0.37 kcal (repeating unit) ' for
sample A (4 measurements; *s.e.) and 2.66 £0.13 kcal.(repeating unit) ~ ! for sam-
ple B (32 measurements; £s.c.), respectively. They have to be compared with the
AHM,, values calculated for the two processes outlined above (see Table I).

The predicted AI™ values for process 1 (an exclusively intramolecular con-
formational transition) clearly fall short of the experimental result. and no specu-
lation can reconcile this discrepancy. On the other hand. the agreement between
the experimental A#™ value and that predicted by process 2 also appears not to be
fully satisfactory. However, should the fraction of the ordered, initial state be <1,
the agreement between prediction and experiment improves for process 2, and the
disagreement for process 1 increases. The presence of an additional equilibrium be-
tween the dimeric and the monomeric forms of the 5-fold helix cannot be excluded
for a given fraction of the total ordered form. (To say whether such monomers and
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dimers are isolated molecular species or parts of branched structures is beyond the
limitations of the polyelectrolyte theory.) The experimental AHY , would then be
an average of the two entries of the last column of Table I, depending on the posi-
tion of equilibrium. The occurrence and extent of the described phenomena cannot
be assessed at present. However, the reported polyelectrolytic features of the ther-
mal transition of xanthan seem to exclude the possibility that, at low temperature,
the single 5-fold helix is the only ordered conformation present.

This conclusion is apparently contradicted by the kinetic study of Norton ez
al.* and by scattering data of Rees'®. Indeed, the correct interpretation® that “the
rate-limiting process in conformational ordering of disordered chains is helix nucle-
ation” by no means precludes “further association into larger molecular as-
semblies”. Rees!'® has presented the changes with temperature in the optical rota-
tion and in the Rayleigh ratio mcasured by LALLS. This latter parameter can be
considered approximately proportional to the inverse of molecular weight. A
distinctive halving of the molecular weight occurred upon increasing the tempera-
ture, with a trend which parallelled the change in the optical rotation but displaced
to slightly lower temperatures.

Rinaudo and Milas’ and Paradossi and Brant'! reported linear mass-density
(M../L) data from classical light-scattering measurements. The former authors
found My,/L values which varied, with the ionic strength, from 1320 to 2020 dalton/
nm in the range mM to M of I. For the hypothetical single-stranded conformation,
the same authors gave 934 dalton/nm. Paradossi and Brant '' worked on a series of
fractions of xanthan polysaccharide in 0.1M NaCl. From the angular dependence of
the scattering intensity of samples of different My, they obtained convergent evi-
dence to provide the value of ~2000 dalton/nm for MW/L, which corresponds to
that of a double-stranded helical chain.

In our opinion, the following behavior of xanthan in aqueous solution can be
tentatively proposed. At high temperature and low ionic strength, a disordered,
single-stranded chain preponderates. Upon cooling and/or increasing I, an intra-
molecular “frecze-out” of the linkage conformations occurs, probably involving the
side chains. Chain ordering is thereafter followed by chain dimerisation. The di-
meric helical conformation could therefore be the preponderant ordered form at
equilibrium, at low temperatures and moderate-to-high ionic strength. However,
none of the above results indicates whether a side-by-side or an intertwined dimeri-
sation-process occurs.
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