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ABSTRACT

Xanthan is shown to exist in native (I) and denatured (II) forms, both of
which are ordered by the criterion of optical activity, and both of which undergo a
temperature-driven, conformational transition to a common, disordered form (I11).
Changes in optical activity and conductivity are identical for the transformations
1> 111 and Il — IIi. The denatured, ordered form I displays a considerably larger
viscosity increment than the native, ordered form I under given conditions of added
salt at temperatures below the transition temperature (Tm). Light-scattering
measurements vield the same molecular weight for forms I and II; consequently,
the observed difference in viscosity increment appears to reflect inherent differ-
ences in the chain extension and conformation of forms I and Il. Measured persis-
tence lengths for forms I and I are consistent with earlier reports of the persistence
length of single-stranded, ordered xanthan in solution. In the present viscosity
studies, the absence of any dependence of measured properties of the native form
I and the denatured form II on the thermal and concentration history strongly
suggests that forms I and II are not aggregated species. Similar comparisons of the
chain extension of disordered form III with the ordered forms 1 and II are more
difficult, owing to the absence of conditions under which ordered and disordered
forms are simultancously stable. It is possible, nevertheless, to conclude that the
viscosity increment of form Il exceeds that of form III, whereas those of forms I
and III are similar. Measurements of the molecular weight of form IiI, needed to
convert this observation reliably into information about chain extension, are
lacking. These observations are interpreted in terms of a model for xanthan in
which the native, single-stranded, ordered form I is stabilized by side chain-
backbone interactions that are shown, by experiments reported here, to be strong.
These strong interactions are disrupted upon temperature-induced conversion into
the disordered form 1II above the Tm. On subsequent cooling, there is established
an alternative pattern of side chain-backbone interactions, presumably dictated by
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kinetic rather than thermodynamic factors, which stabilizes a more-extended
backbone conformation in the denatured, ordered form II. The assumption is made
that these strong, side chain-backbone interactions can bridge some backbone
breaks which can appear during partial degradation of forms I and II.

INTRODUCTION

Xanthan is the first bacterial polysaccharide to be produced on a large scale.
It is an extracellular polysaccharide from the bacterium Xanthomonas campestris.
Its solutions exhibit high viscosity with a pseudoplastic character. The main in-
dustrial use of xanthan gum is rheology control, such as in emulsion stabilization in
the food industry or for reduction of the mobility of injected water in enhanced oil
recovery. This polysaccharide in solution undergoes a thermal order-disorder
conformational change widely studied by such spectroscopic methods as optical
rotations, circular dichroism, and n.m.r.14, and by viscosimetric or calorimetric
measurements! -

Some questions remain about the structure of the ordered conformation in
aqueous solution. Self-association of xanthan molecules in aqueous solution has
been demonstrated by Southwick et al.7® from quasi-elastic light-scattering meas-
urements. These intermolecular interactions can be suppressed in 4M urea as
described by Dintzis er al.% and Frangou et al.'%, but Holzwarth and Prestridge!!
proposed a double-stranded helix on the basis of electron—microscopy observa-
tions, and then prepared denatured xanthan by heating for 15 min at 95°. By
viscosimetry, light-scattering, or determinations of the sedimentation coefficient,
Paradossi and Brant2, Holzwarth!?, and Sato ez al.* estimated the molar mass per
unit contour length (M, ) of xanthan to be ~200 g/A in aqueous NaCl solution
(using fractions of xanthan prepared by sonication). These authors concluded that
the ordered conformation exists as a double strand. Moreover, Sato et al.!° showed
that, in cadoxen solutions, the xanthan behaves like a single, disordered chain with
a ratio M,, (in 0.1m NaCl)/M,, (in cadoxen) of ~2, but, in aqueous solutions, other
workers have demonstrated that, at least below 80°, the melting of the ordered
transition does not lead to a dimer dissociation%%.17, and these authors proposed a
single-stranded helix for the ordered conformation.

The aim of the present work was to present new information on the con-
formational transition, and to explain some consequences of the conformational
transition on the properties of xanthan gum at temperatures <85°, where, in all
cases, no interchain dissociation appears.

EXPERIMENTAL
Material. — To avoid problems connected with post-fermentation treat-

ments, and also those arising from industrial preparation of dried xanthan powder,
xanthan polysaccharide was obtained from Shell as an unpasteurized culture-broth.
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The broth, which was never heated, was filtered through 0.45-uM Millipore filters,
and precipitated from the filtrate with ethanol in M NaCl. The precipitate was rinsed
with ethanol-water mixtures (50-90% EtOH, v/v) until no chloride ion could be
detected potentiometrically in polymer solution prepared from the precipitate.
Alternatively, the culture broth was centrifuged to remove cells, and ultrafiltered
against 0.1M NaCl on Amicon XM 100 membranes to eliminate “small” molecules
(such as proteins) and all ions except NaCl. To obtain samples without NaCl, the
ultrafiltration was completed against distilled water. This procedure dispenses with
all precipitation and drying steps. The xanthan concentration was determined by
polymer precipitation, and the degree of hydration of the powdered precipitate was
measured by thermogravimetry with a Setaram balance (Model G 70). Identical
results were obtained with xanthan prepared by each of the two methods described.
Xanthan in the calcium form was obtained either directly by ultrafiltration against
Ca(l, and then against water, or by adding CaCl, before precipitation and washing
with ethanol-water mixtures. In all cases except ultrafiltration against water, the
native xanthan conformation is preserved®®. The pyruvic acetal and acetate contents
are, respectively, 0.4 and 0.75, expressed as the average number of substituents per
side chain. These were measured by using n.m.r. spectroscopy as described.

Certain xanthan samples were subjected to partial hydrolysis with mM oxalic
acid containing 0.1m NaCl for 2 h at 90°. After neutralization of the acids, these
samples were precipitated as already described and then redissolved in 0.01Mm NaCl
for viscosity and optical rotation measurements. Throughout this procedure, the
ordered xanthan conformation is preserved.

Techniques. — Viscosity measurements at low shear-rate limit were carried
out by using a Contraves Low Shear LS 30 viscometer equipped with a Haake
thermostat. For measurements above 35°, the viscometer and the solutions were
separately heated at the desired temperature before pouring the solutions into the
viscometer.

Intensities of light scattered from 0.01 and 0.1M aqueous NaCl solutions of
Na xanthan at 25° were measured with a Fica 5000 light-scattering photometer in
an angular range from 22.5 to 150° at 546 nm. The apparatus was calibrated with
benzene. The Na xanthan solutions exhibited no polarization effect, and so no cor-
rections were made for optical anisotropy. Because the extrapolation to zero angle
is unsatisfactory due to the high radius of gyration, we used a low-angle laser light-
scattering apparatus (Chromatix KMX 6) to measure the scattered intensities at 6°
of a 0.025 g/L xanthan in 0.01 or 0.1m NaCl solution. All the points allow drawing
of the Zimm plot and deducing of the weight average molecular weight and the
average radius of gyration. Optical clarification of xanthan solutions was achieved
by filtration through 0.22-pm Millipore filters.

The specific refractive index increment was determined by using a Brice-
Phoenix differential refractometer. The value of dn/dc obtained was 0.155 (mL/g)
in 0.01 and 0.1M NaCl solutions without dialysis. Optical rotation at 300 nm was
determined by using a Fica Spectropol 1b instrument with a 5-cm quartz cell
thermostated with a Haake thermostat.
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'H-N.m.r. measurements were conducted with a Bruker WP 100 spectrometer,
with suppression of OH signals by irradiation; 200 scans were accumulated, with a
repetition time of 7 s and a sweep width of 1125 Hz. Dried xanthan was dissolved
in 5mM sodium acetate solution in D,0 at a polymer concentration of ~5 g/L.
Sodium acetate was used as the internal standard for determination of the degrees
of pyruvation and acetylation.

Conductances of Na xanthan solutions were determined by using a Tacussel
CD 78 conductimeter. For measurements as a function of temperature, we re-
corded the ratio (R) between the conductance of the xanthan solution and that of
a NaCl solution having the same initial conductance at 25°. By using cells with the
same constant, this ratio is quasi-independent of the variation of the conductance
with the temperature, and shows the influence of the conformational transition on
the xanthan conductance.

RESULTS AND DISCUSSION

A. Viscosimetric evidence for two ordered conformations. — When the native
xanthan is heated, it undergoes a conformational transition that depends on the
concentration of added salt, as previously described??. This transition is usually
observed with optical activity measurements, as shown in Fig. 1a, where the specific
rotation at 300 nm is plotted versus temperature T for a series of salt concentra-
tions. For all of the salt concentrations studied, measurements of [a);q, versus T are
independent of whether T is increasing or decreasing. The temperature, T,,, corre-
sponding approximately to the temperature where the slope of the plot of [alyy
versus T is greatest, is a characteristic “melting” temperature for the transition that
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Fig. 1. a. Specific optical rotation as a function of temperature T for Na xanthan. [C, = 0.66 g/L, in a,
H,0; b, 5.6mMm NaCl; ¢, 10.8mm NaCl; d, 15.8mm NaCl; e, 28mm NaCl; and f, 0.1m NaCl]. b. Relative
viscosity in the lower Newtonian region for the different xanthan solutions (see Fig. 1a) at T = 25° and
0.1mM NaCl, after preheating at different temperatures t and NaCl concentrations.
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clearly depends on the concentration of added salt. The form present at low temp-
erature (large absolute [alyy) is usually said to be in an “ordered” conformation,
whereas the high temperature plateau in [y corresponds to the “disordered”
form. . '

It is of interest also to monitor the transition by using viscosity measurements,
in order to obtain more-direct information about the macromolecular conforma-
tion. In Fig. 1b are reported measurements of the relative viscosity (n,,) in the
lower Newtonian regime of a xanthan solution at a concentration of 0.66 g/L.. These
measurements were all made at 25° in 0.1m NaCl solution following heating of the
xanthan solution to a predetermined temperature t under the several conditions of
added salt described in Fig. 1a. For these experiments, a 5-mL xanthan solution at
the desired salt concentration was heated to some constant temperature t in a
thermostat bath, and later returned to 25°; the NaCl concentration was then
adjusted to 0.1M prior to the measurement of n,,. The measured =, proved to be
independent of the time for which the sample was held at the elevated temperature,
the subsequent rate of cooling to 25°, and the time intervening before the measure-
ment of n,,. The standard conditions chosen for measuring 7, permitted compari-
son of conformational differences in the preheated xanthan samples under condi-
tions where the electroviscous contributions to 1, are small and are effectively the
same for all of the sample. The standard conditions correspond, for all of the
xanthan samples, to the ordered state of the polymer, as disclosed by optical
activity measurements.

It is clear from Figs. 1a and 1b that, for the lower salt-concentrations (curves
b and c), there is a strong correlation between 1,,; measured under standard condi-
tions and [a];. That is, the higher the preheating temperature and, thus the
greater the degree of conformational disorder (measured at that temperature and
salt concentration by [aly), the larger the measured #,,. Because the optical
activity curves (Fig. 1a) are reversible and, under the standard conditions for
measuring 7, the samples have regained their original values of [al]s, prior to
heating, it may be concluded that, as disclosed by 7, the ordered polymer has a
different conformation before and after heating. These observations suggest the
existence of three conformational states for xanthan: [, the native, ordered form
(never heated); I1, the denatured, ordered form (heated to T, or above, and then
cooled); III, the disordered form (present at high temperature or low salt con-
centration, or both). At the higher salt concentration {curves d and ¢), the correla-
tion of n,,; and [}z does not persist for t >80°, which suggests a partial recovery
of form I when the disorder-to-order transition occurs at higher temperature.

In Fig. 2 are shown measurements of 1, as a function of temperature T for
xanthan at 0.66 g/L. and at a NaCl concentration of 0.1 and 0.01m; in this case, 74
is measured at the temperature T and salt concentration specified, not under the
standard conditions previously described. The corresponding plots of |[a]s| versus
T are shown as dashed lines in the Figure as well; the latter curves are identical
under given conditions of NaCl concentration for ordered forms I and II, as re-
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Fig. 2. Relative viscosity in the lower Newionian region for xanthan as function of the temperature,
A: from II in 0.01M Na(l (a), +: from Il in 0.1M NaCl (b), O: from Iin 0.01m NaCl (c) and &: from I
in 0.1M Na(l (d). Dashed line: optical rotary power variation with temperature for these solutions.
X: relative viscosity restored at 25° when NaCl is added at 80° into a ITl form xanthan solution (see text).

quired by the reversibility of the data in Fig. 1a. Curves a (0.01m NaCl) and b (0. 1M
NaCl) correspond to xanthan which has been thermally denatured. Thus, at low T,
it is in form I and passes in 0.01M NaCl to form III at high T along curve a, as T,
= ~58° (at this salt concentration). At 0.1 NaCl, the T, is >100°, and so the
chiroptically detected, conformational transition does not occur along curve b,
Under these conditions of molecular weight, polymer concentration, and salt con-
centration, form IT displays a larger 7, than does form III at 80°, Both viscosity
curves (a and b) are thermally reversible. Curves ¢ (0.01nm NaCl) and d {0.1m NaCl)
correspond at low T to the native, xanthan form 1. At the higher salt concentration,
T decreases with increasing T, without a conformational transition; viscosity curve
d is thus thermally reversible. On the other hand, viscosity curve ¢ diverges from
curve d near T = 50°, and moves to join curve a at 80°, where form III exists.
Cooling of form III from 80° at 0.01M NaCl always follows curve a, and, viscosity
curve c is, therefore, not reversible. It should be noted that, under the conditions
of these experiments, form III has a larger 7, than has form I at 80°, but this
comparison is not at the same salt concentration, and so the meaning of this
observation is somewhat unclear.

Of greatest significance is the fact that n,, for the denatured, ordered form II
is always substantially greater than that for the native, ordered form I at all temper-
atures (curves b and d). The two ordered forms, however, melt to the same dis-
ordered form, III, when T is sufficiently greater than T, (curves a and c). When
Na(l is added to form III in 0.01M NaCl at 80°, to raise the salt concentration to
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0.1M and thus increase T,, to ~100°, the disordered-to-ordered transition is induced
to occur at 80°. Cooling this solution to 25° then yields 7,,, intermediate between
the values on curves b and d, suggesting again that, when the disorder-to-order
transition occurs at high enough temperature, form I is partially recovered on
cooling. '

Relative viscosities in the low Newtonian region have been measured as a
function of temperature and polymer concentration from 0.0125 to 0.200 g/L. The
corresponding, reduced specific viscosities have been extrapolated to vanishing
concentration at each temperature, to yield the intrinsic viscosities [#] shown in
Fig. 3. Curves a (0.01M NaCl) and b (0.1M NaCl) correspond at low T to form II.
Curves ¢ (0.01M NaCl) and d (0.1m NaCl) refer at low T to form I. Form III exists
above 70° on curves a and c. Below 50°, all four intrinsic-viscosity curves decline
with increasing T, with a temperature coefficient din [7}/dT of about —0.008 deg~!.
The order-to-disorder conformational transition in form II (curve a) leads to a still
larger temperature coefficient for this form in the temperature range of the transi-
tion above 50°. On the other hand, the effect of the transition on the temperature
dependence of {n] for the native, ordered form I is scarcely perceptible and, if
anything, is to reduce the magnitude of the temperature coefficient (curve c). As
was evident also from the relative viscosities in Fig. 2, the denatured, ordered form
II produces a larger viscosity increment than does the native, ordered form I at all
temperatures, but both forms melt to a common, disordered form III which, at 80°,
has a hydrodynamic volume at 0.01M NaCl larger than that of form I at 0.1M NaCl
and smaller than that of form II at 0.1m NaCL

The magnitude of the temperature coefficient din [n}/dT below 50° may be
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Fig. 3. Intrinsic viscosity variation with temperature for the four xanthan solutions (see Fig. 2). Dashed
line: optical rotation variation with temperature for these solutions.
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compared with the range —0.007 to —0.008 deg~! observed for other cellulosic
chains!®?, Consequently, except in the conformational tramsition temperature
range above 50° (curves a and c), this coefficient is the same for xanthan. The fact
that this coefficient is far more sensitive to the conformational transition in form II
than in form I may provide an important clue to the difference between these two
ordered form. A difference in this coefficient, in comparison with other cellulosic
chains, would also be expected if the xanthan ordered states were a double-
stranded helix,

The dependence of 7, on polymer concentration C, is given at 25° in 0.1M
NaCl. The relative viscosity of the denatured, ordered form II depends more
strongly on C,, as anticipated from the foregoing results. Under these conditions of
temperature, molecular weight, and salt concentration, the respective, overlap con-
centrations C,* of forms I and II are ~0.13 and 0.09 g/L. It may be concluded, as
already evident from the intrinsic viscosity results, that the larger relative viscosity
of form II persists into the dilute solution regime, and is not a consequence simply
of dominant intermolecular interactions present at higher concentration in the
denatured, ordered state. This is an important result in support of our earlier con-
tention!® that the order-to-disorder transition in xanthan is an intramolecular
process.

If the native ordered form were double stranded1215:21 the denatured, ordered
species II might be expected to be a partially reassociated form, of less-perfect
order, containing some aggregates with more than two chains per aggregate and
having impaired single-strand segments capable of associating with similar, single
strands from other aggregates. This behavior does not need a complete, dimer
dissociation of the double strands in the form III; but, on the contrary, we have
shown that the larger viscosity increment of form II persists into the dilute solution
regime, and may thus be reasonably attributed to the greater extension (hydro-
dynamic volume) of the denatured, ordered molecules in form II. Molecular-weight
measurements, reported in Table I, serve to support this contention.

We note finally, with reference to Figs. 1-4, that the results of our measure-
ments on form I do not depend, once form II has been properly prepared at
relatively low salt concentration, on its thermal or concentration history. The data
for form II in Fig. 4, for example, can be reproducibly obtained by heating solutions

TABLEI

RESULTS FROM LIGHT SCATTERING AND VISCOSITY OF Na XANTHAN SAMPLES IN 0.1M aAQuEQUS NaCl

Form M, [« Rg 7 q
(mL-g~!) (A) (4A) (4)

I 7.0 X 10 7100 3100 290 400

IT 6.5 x 100 10,600 3900 410 730

“Persistence length from Eq. /. *From Eq. 2.
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Fig. 4. Relative viscosity in the lower Newtonian region as function of xanthan concentration for forms
Tand Il at T = 25° in 0.1M NaClL

of form I over a wide range of polymer concentrations (0.055 to 15 g/L) at 0.01m
ionic strength (taking into account the xanthan contribution) and by diluting the
resulting form II at 0.01m NaCl, regardless of the polymer concentration at which
it was prepared, to the desired polymer concentration. The reproducibility of these
measurements on form II, irrespective of thermal and concentration history,
militates against its being an aggregated form.

B. Conductance measurements. — Information about the chain conformation
and linear charge density of a polyelectrolyte may be obtained from conductance
measurements?. In Fig. 5 are reported data on the conductance of native and de-
natured xanthan as a function of temperature at a xanthan concentration (C,) of 15
g/L. in pure water. Under these conditions of high polymer concentration, the ionic
strength due to the polyelectrolyte alone is large enough to cause T,, ~55° in the
absence of added salt. Other experiments at C, = 1 g/L in 0.01mM NaCl, where also
T, ~55°, yield essentially identical conductimetric results. The data in Fig. 5 corres-
pond to the ratio R of the conductance of the pelymer solution to that of a NaCl
solution having the same conductance at 25°; presentation of the data in this form
removes most of the trivial temperature-dependence of the conductivity of salt solu-
tions, and serves to emphasize the effect of the conformational transition.

Forms I and II show a very similar T dependence of R. The conformational
transition is accompanied in the temperature range of 40 to 70° by an 11% increase
in conductance. A 9% conductance increase is predicted, using Manning’s theory?,
by assuming a change in the charge density parameter corresponding to a backbone
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Fig. 5. Variation of the conductance ratio R between xanthan solution C, = 15 g/L and NaCl solutions
with the same conductance at 25° as function of the temperature for the mmal ordered conformations I
and II (see text).

conformational change from a single-stranded 5, helix to the fully extended chain®9,
and by assuming that the conductance is insensitive to any conformational change
accompanying the transition.

C. Chain characteristics. — Treating xanthan as a wormlike chain, we have
estimated the persistence length q = 12 A of ordered forms I and II from [7], using
the Yamakawa—Fuji theory? and Eq. 1.

_ (nl -Mg2p"
o= AL 1
/\ M2 ®, &)

where M, = 100 g/A is the assumed mass per unit length, d = ~20A is the assumed
diameter of the chain, L = ﬁ\,/IOO is the contour length, M is the weight average
molecular weight, and @ 4, is a function of L and d; its values are given in ref. 24.

The persistence length has also been estimated from the light-scattering radii
of gyration Rg, using the relationship in Eq. 2 of Benoit and Doty? applicable to
wormlike chains.

RE = L1/3x — 1/x2 + 2/x3 — 2/x* (1 — e7¥)], &)

where x = L/q. The results for q calculated from Eqs. 7 and 2 are given in Table I,
along with the measured values of M,,, [7], and Rg; for forms I and I at 25° in 0.1M
NaCl. The values of q from light-scattering and viscosity are in reasonable agree-
ment for each ordered form, provided that it is recognized that the samples were
not fractionated (Mw/M = ~1.4 from g.p.c. measurements with light-scattering
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detection of the MWD). The transition from I to II corresponds to a small increase
in chain extension. The values of q obtained are consistent with the value q = ~500
A reported for single-stranded xanthan by Muller ez al.%. Larger values of q (1000~
1500 A) have been reported for other xanthan samples produced by Kelco321, and
believed by the authors to correspond to a double-stranded form of xanthan511-15.21,
The pear-identity of _NTW measured for forms I and I1 in this work strongly suggests,
however, that the denatured, ordered form II does not represent a reassembled,
double-stranded structure from a fully or partially dissociated native double-
stranded form.

D. Existence of stabilized, backbone breaks. — Experiments with partially
depolymerized xanthan suggested that strong interactions of the side chains with
the backbone can even mask the existence of cleavage in the covalent structures of
the backbone. For these experiments, ordered xanthan (form I or II) was subjected
to acid, thermal, enzymic, or ultrasonic depolymerization, and then experimental
samples were- prepared by precipitation as described in the Experimental section.
When 7, was measured for these samples, in an experiment parallel to that
described in Fig. 1b, the results shown by the solid curve of Fig. 6 were found. In
this case, ordered xanthan form II was depolymerized by acid hydrolysis as described
in the Experimental section. The xanthan was dissolved at C, = 0.6 g/L, and heated
to predetermined temperature t at 0.01mM NaCl before measurement of n,, under
standard conditions.

For the first cycle of heating (curve a), the 7, measured under standard
conditions declines as the temperature to which the sample has been preheated is
increased, in sharp contrast to Fig. 1b. For samples that have once been heated
above 80°, 9, (measured again under standard conditions following preheating to
temperature t) follows curve b. Thus, curve b can be repeated time and again with
a given sample, whereas curve a cannot, ence the sample has been heated to 80°.
The dashed curve in Fig. 6 described the dependence of [a], on T it is reversible,
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Fig. 6. Relative viscosity at low shear rate limit versus the preheating temperature for an initially
degraded xanthan in form II. a: irreversible process during the first preheating beyond T,; b reversible
process after the first preheating. C, = 0.6 g/L in 0.01M NaCl; T = 25°. Dashed line: the optical rotation
variation with temperature for these solutions (a,b).
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and corresponds to both viscosity curves a and b. The initial molecular weight of
this sample, prior to the initial heating, was 3.05 X 105; a value about half this large
characterizes the sample after it has been heated to 80°. These results are not
restricted to samples hydrolyzed with acid, but are found equally for samples
partially depolymerized by the order methods mentioned, and, sometimes, in
native, ordered form I. This behavior can be used to explain the small difference
between K/i—w of the forms I and II (see Table I).

We explain the foregoing observations by postulating that some of the points
of covalent rupture in the backbone are initially masked by strong sidechain—
backbone interactions which are disrupted on passing through the temperature-
driven, order-to-disorder tranmsition and are not re-established on subsequent
cooling. We exclude the possibility that drop in 7, corresponds to dissociation of
double-stranded dimer, by noting that the conductance, and here the linear charge-
density of the chain, is the same for the partially depolymerized samples before and
after they are heated past T,,. The drop in 7, at T, is thus attributed to dissociation
of the “end-to-end aggregates™ held together initially by strong sidechain-backbone
interactions.

CONCLUSIONS

In this work, we have shown that xanthan may exist in two different confor-
mations, both of which are “ordered” as judged by optical activity measurements.
Heating of native, ordered xanthan (form I) beyond the transition temperature T,
produces the disordered form III, which, upon cooling, leads to the denatured,
ordered form II. The magnitude and variations of the optical rotation and the con-
ductance, i.e., the charge density of the xanthan chain, are identical for the trans-
formations I — IIT and II — III. States I and II exhibit different viscosities in
solution, but display no difference in molecular weight in the absence of pre-
hydrolysis of polymer backbone. The results reported here for Na xanthan are also
found for Ca xanthan, although T, is so high in the latter case (T, >100°) that form
III is never observed.

We interpret these results in terms of worm-like, single-stranded molecules
for both of the ordered conformations. The denatured, ordered form Ii is more
extended than the native, ordered form I. We consider that the differences in con-
formation involve a rearrangement of the pattern of sidechain—backbone inter-
actions, which, our studies of partially hydrolyzed xanthan suggest, are very strong
indeed. Thus, passage from the native form I to the disordered form I1I is presumed
to involve disruption of the native pattern of sidechain-backbone interaction. On
cooling, this pattern is not re-established, and the denatured form displays a diffe-
rent pattern of interactions that stabilizes a more-extended backbone conforma-
tion. Form II may not be thermodynamically more stable than form I; evidence
that form I may be re-established on cooling of form III, if the disorder-to-order
transition occurs at a high enough temperature, suggests that form I is trapped by
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Fig. 7. Possible hydrogen bonds in xanthan molecules. Some adjoining residues involves in hydrogen
bonds are omitted for clarity and the positions of residues are speculative; a~%; 1-43,

kinetic factors in a thermodynamically less-stable state. Some speculations about
the possible patterns of sidechain-backbone interactions in forms I and II are pre-
sented in Fig. 7. Little information is available about form III. We presume it to be
a single-stranded, random coil in which the importance of sidechain-backbone
interactions is greatly diminished. It appears certain that, if forms 11 and III could
be compared under identical conditions of temperature, solvation, and ionic
strength, form II would be found to be considerably more extended than form III.
This is implicit in the large temperature coefficient din[n}/dT observed for the trans-
formation II — III above 50° in Fig. 3. On the other hand, the small temperature
coefficient for the transformation [ — III suggests that form III might be as ex-
tended as, or even more extended than, form I at 80° in 0.01M NaCl. Unfortunately,
a molecular-weight detemination of form III is not at present available.
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