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ABSTRACT

The polysaccharide xanthan has been depolymerized by mild acid hydrolysis (pH [—4) at 80°. The
conformational state was varied from fully ordered to partially disordered by varying the ionic strength and
pH. Hydrolysis occurred mainly in the side chains, with the terminal f~-mannose as the most susceptible unit,
yielding a continuous series of modified xanthans from the intact “polypentamer” to the “‘polytetramer”,
while retaining a high molecular weight. Depolymerization of the glucan backbone was analysed by
monitoring the intrinsic viscosity ([#]). For ordered xanthan the calculated changes in the degree of
polymerization (x,,) as a function of time deviate strongly from that expected for random depolymerization
of a single-stranded, linear polymer, but the data are in qualitative agreement with the behaviour of such
double-stranded polymers as DNA. The conformational properties of partly hydrolysed xanthan were
investigated by optical rotation. For the series degraded at pH 2, the midpoint of the temperature-driven
transition (T ) was >95° in all cases, but the absolute value of the specific optical rotation ({«]) increased by
increasing hydrolysis time, a change partly ascribed to an increase in the fraction of disordered chains, but
also to the loss of f-mannose. This loss itself did not appear to influence the conformational state or the
depolymerization rates of the xanthan backbone.

INTRODUCTION

Xanthan, the extracellular polysaccharide produced by the bacterium Xanthomo-
nas campestris, is used commercially as viscosifier in a wide variety of applications. In
particular, xanthan seems to fulfil the requirements for use in drilling muds and in
enchanced oil-recovery processes. Its structure is well known'; it consists essentially of a
(1 -4)-linked f-p-glucan (cellulose) backbone substituted at O-3 of every second glu-
cose residue by the trisaccharide: f-pD-Manp-(1 —4)-5-D-GlcpA-(1—-2)-a-p-Manp-(1-.
In addition the side chains may contain varying amounts of Q-acetyl and pyruvic acetal
groups, giving rise to structural heterogeneity. The possibility of unsubstituted regions
in the backbone has also been discussed”.

Xanthan may undergo a temperature-driven order—disorder transition in aque-
ous solutions. The transition depends on temperature®™, ionic strength®’, salt type**,
and molecular weight®, in addition to the pyruvate and acetate content'”. The determi-
nation of T, that is, the mid-point of the transition, also depends upon the method
used''. Various molecular models have been used in order to describe the different

* Presented at the 15th International Carbohydrate Symposium, Yokohama, Japan, August 12-17, 1990.
¥ Corresponding author.

0008-6215/91/303.50 © 1991 — Elsevier Science Publishers B.V.



56 B3, E. CHRISTENSEN, O, SMIDSROD

conformational states. The suff, extended form (persistence length 120150 nm) which
is normally observed. is shown to exist in a double-stranded conformation'™ " whereas
the denatured or disordered form observed at low 1onic strengths and or elevated
temperatures seems to be' " at least partly single-stranded, with a persistence length of
~ 60 nm. A star-shaped. dimeric model for partially dissoctiated xanthan at 80 in 10mv

aCl has also been proposed . whereas some groups have concluded that santhan 1s
single-stranded in all cases” ™. Recently, kinetic data on the sali-induced ordering of
xanthan originally interpreted in terms of a single-stranded structure” have been
reinterpreted in favour of a partly double-stranded structure at xanthan concentrations
above the overlap concentration’”

The chemical stability of xanthan seems to be closely linked 1o s conformation.
In general, high ionic stre n;ths which stabilize the ordered, doubie-stranded contorma-
tion, decrease the rates of degradation (measured as loss o viscosity) for both {ree-
radical depolvmerization and acid-catalysed hydroiysis™ ™ % In particular. a large
increase in the degradation rate was observed when temperature approached™ the
estimated T, . Tt was further noted ™ that. after 20 days (at a temperature slightly above
the estimated T, ), the viscosity decay-constant chunged from o constant value 1o lower
values (more rapid degradation). possibly reflecting a conformational change. Another

“anomaly observed during the degradavion of xanthan was a temporaryincrease i the
viscosity following the mitial decrease™”. This was interpreted as a partial "melting™ ot
the double-stranded structure. leading to an increased specific hvdrodynamic volume™

Not only the conformational state, but also the chenueal composition may
change during degradation, For long-term treatment gt high temperanure i sea waler,
the mannose glucose ratio and pyruvate content” decreased, suggesting more rapid
degradation in the side chaing than in the main chain. Changes in the chemical
composition may also nfluence the conformational propertiey and thus, stabilin
Therefore, monitoring changes in chemical composition as well as the conformational
state are required for the anulvsis of biopolvmer stability and interpretation of the
results,

In addition to long-time storage of xanthan at elevated temperatures™  stability
studies may be performed by using accelerated degradation. Several methods are
possible. Tt is assumed that free-radical degradation. mamnly through the hvdroxyl
radical {OH-). is responsible for the observed degradation of biopolvmers in oil-field
applications™. Acceierated frec-radical degradation of hmpﬂ'\ mers s possible by gam-
ma-radiolytic or photolytic rechniques ™. or by adding reagents that generate hydroxyl
radicals, such as hvdrogen peroxide™ ™. However. the pwusc reaction mechunisms and
specificities against various finkages in polysaccharides are generally unknown . An
alternative method for polysaccharides s acid hydrolysis, because of known mechu-
misms and 1ts widespread use sostructure analysis, We therefore wished o adupx this
method to studies on the degradation of xanthan. Furthermore, the stability of xin [ha’i
m acids s also of practical tuportance in certain oil-fiecld operations, such as acidiz y

In the case of xanthan. a special type of behaviour s chserved ‘h)w pH. T
mtrinsic viscosity is decreased ~ 200-30% fully reversibhyv, on going from pH 7o 2
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10mm NaCl, but data on molecular weight, radius of gyration, and intrinsic viscosity
has been interpreted in favour of maintaining the double-stranded structure, although
in a more “semiflexible’ conformation®. It should further be noted that the intrinsic
viscosities of the same samples were totally independent of the ionic strength” when the
latter was >10mM, even though a more-pronounced dependence of the intrinsic
viscosity upon the ionic strength has been observed by others™!. Optical rotation data
also show that T, shifts to higher values when the xanthan molecule is neutralized and,
for fully neutralized xanthan, essentially no transition is observed™ up to 80°.

Here we investigate the behaviour and degradation of xanthan in dilute acid (pH
1-4) at 80° at high (0.5M) and low (0.01M) ionic strength, using the intrinsic viscosity at
low shear-rates to monitor the degradation process. Results are compared to optical
rotation data obtained in the process of degradation and to the chemical composition of
the degradation products as monitored by g.l.c. (following methanolysis) and by n.m.r.
spectroscopy.

MATERIALS AND METHODS

Materials. — Xanthan (Kelzan XCD or Keltrol, Kelco, Inc., 1.0 mg/mL) in 10mM
NaCl was stirred overnight at 20-22° and then filtered (0.8-um filter). Portions of the
stock solution were adjusted to the desired ionic strength by the addition of solid NaCl
and then to the desired pH by the addition of 0.1m HCl. Xanthan solutions at pH 2.0
were obtained by dialysis against pure HCI solutions at pH 2.00 or against 0.5M NaCl
adjusted to pH 2.00 with HCI. Solutions at pH 1.00 were obtained by adding HCl to the
pH 2 solutions.

Samples used in the initial optical activity studies were prepared by dissolving
xanthan (5 mg/mL) in 10mM NaCl. The solution was placed on an ice bath and
sonicated for 10 min (400 W). The sonicated sample was centrifuged at 90000 x gfor?2
h at 20°, and the pellet was discarded. The supernatant solution was divided into
separate fractions and each fraction was adjusted to the desired pH and ionic strength
by dialysis. Samples were filtered through a filter with porosity 0.22 ym before mea-
suring the optical rotation.

Hydrolyses. — The hydrolyses were performed at 80° in 100- or 500-mL Pyrex
bottles with Teflon-lined caps. The concentration of xanthan was 1 mg/mL. Samples
were taken at regular intervals and cooled to room temperature, using identical heating/
cooling procedures in order to minimize possible hysteresis effects. About one half of
each sample was adjusted to pH 6-7 with dilute NaOH. Selected samples were dialysed
against 10mM HCl or 10mm NaCl, concentrated to 2-5 mg/mL using a Centriprep 10
concentrator (Amicon), and investigated by optical rotation as a function of temper-
ature.

Analyses. — The intrinsic viscosity was determined at 3.3 s~' with a Cartesian—
diver viscometer®>*. The concentration ranges used corresponded to relative viscosities
in the range of 1.1-2.5.
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Optical activity was measured at 365 nm in a 10-comi cell thermostated by
circulating-water bath (Haake D8-G). The wavelength was 363 am. A personal com-
puter was used for automatic data acquisition as well as for temperature control. Data
were calculated as the speciic rotation, corrected for minor changes in sample volume at
high temperatures.

The concentration of xanthan was determined by the phenof sulfunc acid
method ™ using a pyruvate- and acetate-free xanthan™ as the standard.

The chemical composition of various degraded xanthans was determined by gas

chromatography following methanolysis and silylaton™ . The sumples were thor-
oughly dialysed against distilled water and treeze-dried. Polysucceharide (80 150 ug)and
1O peg mrvo-inositol (internat standard) were transterred o -mib acd-washed vials
(Chromacol LI-STV., Chromacol Ltd., UKy and dried for 12 50 o1 raens over tresh
P.O.. Freshly made M methanolie HCH(Instant Methanohe HO ki Alltech Associates.
Inc., ULS AL 0.5 mby was adsded and the vials were Bushed with ™md sealed (Teflon

faced septa and screw capsi. The vials were heatee at 850 1+ 1 1 for 24 b cooled 1o

ambient temperature, and blown dry g stream of 'amc‘m.w The samples were finally
dried for {2 h i pacun over KOH pellets. Silvlaton was performed by adding 50 gL of
Sylon HTP (Sigma Chemicai Company. L S A followed by vigorous shaking, The
reaction was ullowed to proceed a mimmum of 30 mun betore the vials were gently
centrifuged to remove small amounts of a cloudy precipitate. The supernatanis (G5 1.5
sy werc injected into g gas chromatograph equipped wih a sphit splitiess injector {sphit
ratios 1210 1203 and Same-ionation detector. Injector and detector wore both heated
to 2507, The separation was performed on g tused-sihen glass capittary column (CP-
Sil-5-CB. 30 m, Chrompak. UKy using a eemperature gradicnt {10 2000 04 ming,
The chromatograms, showing only baseline-resolved peaks, were recorded and
integrated on a digital integrator. Methanolysis vielded mudtiple peaks {or cach monao-
saccharide. and best resulis for quantification of component sugars was obtained by
using the total peak area for cach suga
wl

The content of D-acers! groups ;md pyruvate was determined by nom.r spectro-

scopy '
RESULTS

Conformation of xanthan at low pH. - Fig. 1 shows the specificoptical rotation of
xanthan as a function of temperature for a neutral solution ponie strength 10 and
500mm) and at pH 3.0 and 3.9 gonic strength 10nvv). The values of the ionie strengths
include contributions from added HCL The offect of decrensing the pHois similar to the
effect of increasing the wme strength. namely the typical order disorder transition-

A

curve™ shifts to progressively higher temperaiures At an om0

rength of Tomm T,
increased from 66 1o 827 when gomng from mutnﬂwn:twu topit 39 whereas atpH 3k

ne fransiuon was observed below
100 . Below pH 3, there was noeffect on [o],, upon increasing the tonmc strength < 100

which is close 1o the reported p& |, value of xanthan™,

notshown in Fig. 1) Based on the relationship between the specific opticad rotation and
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Fig. 1. Temperature dependence of the specific optical rotation ([«},s) for xanthan (degraded by sonica-

ticon)."Yner10me sirengin was'kepi consrat g ="10mmm B ph vadmes o Y0, DS b S v d

= 500mM at pH 6-7 (@).
tte degree of order™'’ the data indicate that, at pH 4 and jonic strength of 10ms1,
XEninan Was wmrnany sooer SO% diserdered ar 3. For e seer sampies (P 2.0 ane
3.0) full order prevailed at the beginning of the degradation, irrespective of the ionic
strength.

Intrinsic viscosity of hydrolysed xanthan. — The intrinsic viscosities of cooled and
neutralized samples taken at various times during the degradation at 80° are shown in
Fig. 2. The ionic strengths used during the viscosity measurements were the same as in
the preceding hydrolyses (10 or S00mM). In all cases the data could be fairly well
described by a single exponential-decay constant (Table I). The pH of the solutions at
pH 4 and 3, but not at pH 2, showed a slightly drop early in the experiment, but
FETHAITRE TRASATA GRRUTRT (T 0YR 1.

At low ionic strength (10 mM), xanthan was most rapidly depolymerized at pH 4.
There was no significant difference between the viscosity decay-constants at pH 2 and 3.
At high ionic strength (500mm), the situation changed: the stability was highest at pH 4,

TABLE ]

Viscosity decay-constants (t = — 1/k where k is the slope of In([#]/[#],} versus time for xanthan at 80°
Initial pH Final pH fonic sirength (M| Decay constant {day )
4.0 3.81 0.01 2.0

4.0 3.75 0.5 10.4

3.0 292 0.01 39

3.0 294 0.5 6.6

2.0 2.0 0.01 37

2.0 2.0 0.5 6.7

1.0 1.0 0.1 1.4
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Fig. 2. Decrease in intrinsic viscosity [y] upon hydrolysis of xanthan at 8¢ atpH FEO)L pH 2 (A AL pH 3
(M) and pH 4 (@ “rationicstrengths of T0mm (filled symbols) or S00mu (open symbols)exceptat pH |,
where the fonic strength was 100mv. The samples were neatralized before measuring iul.

and again with the same decay constants for pH 2 and 3. Forall pH values, anincreasein
the tonic strength from 10 to SOOmM resutted in increased stability, with the largest effect
being observed ut pH 4.

Heating cooling effects may also mHuence the measured [x] values. However, this
effect is generally small, especially when compared to the range of [4] values obtained by
degradation { > 2 decadost.
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Fig. 3. Ratio between intrinsic viscosities before and after neutralization for xanthan degraded atpH 2.1 =
10mat (@) and T = 500mm (-5
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In addition to the neutralized samples, the intrinsic viscosities of some un-
neutralized samples were measured. For the series degraded at pH 2.0, the ratio between
the intrinsic viscosities for unneutralized (pH 2) and neutralized (pH 7) increased
monotonously from 0.54 and approached unity for the most-degraded samples (Fig. 3).

Chemical composition of partially hydrolysed xanthan. — Samples degraded at pH
14 were dialysed against distilled water, freeze-dried and the relative sugar composi-
tion was analysed by g.l.c. following methanolysis and silylation. The results are given in
Fig. 4 and Table II. In all cases the ratio of glucuronic acid to glucose was essentially
constant for the hydrolysis times investigated. For mannose the situation was different.
From an initial mannose-to-glucose ratio of 1.0 this value decreased rapidly and
approached the glucuronic acid-to-glucose ratio. First-order kinetics was followed for
mannose-to-glucose ratios > 0.6, and the calculated rate-constants are given in Table I1.
The rate constants obtained at pH 2.0 at two different ionic strengths (10 and 100mm)
were not significantly different. The data seem to deviate from strict proportionality
between the rate constants and the concentration of protons, although the rates increase

Man/Gic pH 4
.

1.00
Man/Glc pH 3
0.80 .
o
2
°
0.60
—
o
O A o A
0.40
= 2 Glea/Glc
0.20 -}
0.00 T T T T
) 4 5 12 16 20
Days

Fig.4. Changes in the mannose/glucose- (filled symbols) and glucuronic acid/glucose-(open symbols) ratios
of xanthan (non-dialysable fraction) during hydrolysis at 80°at pH 2.0 (& A).pH 3.0(B O),and pH4.0 (@
)]

TABLE II

First-order rate-constants for the loss of mannose and glucuronic acid upon hydrolysis of xanthan at 80°, pH
1-3. The units are days™'

pH Ionic strength (M) K yfn K Gra
1.0 0.1 0.38 0.016
2.0 0.01 0.12 0.0090
2.0 0.1 0.096 0.0073

3.0 0.1 0.034 0.0088
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by lowering the pH. N.m.r. analysis of a sample degraded for only 24 hat pH 2.0 showed
a complete loss of both pyruvate and acetate.

Order-disorder transition of partially hydrolvsed xanthan. -— The temperature
dependence of the optical rotation of xanthans hydrolyvsed at pH 2.0 wuas investigated.
The results are givenin Figs. 5 and 6 and in Table 111. None of the samples displayed any
detectable transition measured at pH 2, but the curves shifted to higher values of {«],.. at
increased hydrolysis times (Fig. 5). Following neutralization (iome strength ot 10mm,
Fig. 6). a transition was seen {or the sample which was degraded for & davs, with T =
68", essentially the same as for unhydrotysed xanthan, At 100mm. this sample was fully
ordered < 95" {notshown in Fig. 6). For the sample degraded for 20 days, no transition
was observed, but the {o],.; values were larger than those of less-degraded xanthanin the
disordered state. with identical carves at tonic strengths of 10 and 100muMm, respectively.

TABLE Il

Chemical composition and thermally induced conformational change of xanthan degraded at pi 2

Deyr. Do Do Moan: (Gl Gled: Gle i imlg: T, b i0mM)
time pH 2 nH 7 pi 2 pH 7
O days “ ’ 100 .50 STHOG TH4 ’ 66
8 days 0 (3 070 (.50 79} 170 ‘ SIS
20 days 0 U 043 0.3¢ v

3

“ Not determined. " No transition detected.

40—
16 days, 10 mM
7 16 days, 500 mM
204 8 days, SQC mM
o 1 8 days, 10 mM
& o- t day, 10 mM
>
@
© -
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T ]
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Fig. 5. Temperature dependence of the specitic optical rotation (fo],.) for unncutralized xanthan degraded

atpH 2.0.1T = 10mmfor Lday ¢ 1. 8days (C.and 16 days (®).andat pH 2.0, 1 = 500mM for 8 davs (@) and
16 davs () days.
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Fig. 6. Temperature dependence of the specific optical rotation ([a,,;) for xanthan degraded at pH2.0,1 =
10mM for 8 days (O @) and 20 days (M). Measurements were performed at I = 10mm at pH 2 (open
symbols) or pH 7 (filled symbols).

DISCUSSION

Mild acid hydrolysis of xanthan leads not only to depolymerization of the
(1 =4)-linked p-D-glucan backbone, but also to large changes in chemical composition
because of hydrolysis in the side chains (Fig. 4, Table 11). The results are expressed as
molar ratios of mannose and glucuronic acid relative to glucose, as all analyses were
performed on samples of high molecular weights ([#] > 50 mL/g). The rate constants
given in Table TI refer to the net losses of mannose and glucuronic acid, respectively. As
hydrolysis of any residue in the side chain yields dialysable fragments, which were
removed before analysis, the observed rate-constants may be expressed as follows:

lech = ;{GICA + ka-Man {I)
k,Man = kﬁ-Man + kGch + zkar-Man (2)

where &' values are the observed rate-constants (Table 11}, and the k values correspond
to hydrolysis of each of the three residues in the side chain. From Eq. 7 /) we see that
Kysgan < K'giea- Thus, at pH | and 2, where &', > > &'geas EQ. 2) yields:

k’Mzm =~ k/f‘Maﬂ (217)

Hence, kj.0 > > k, 1o, This difference may be due to two different effects. First, the
a-mannose—glucose linkage may be less accessible to hydrogen ions or water, which
adds to the mannose following heterolysis*. Secondly, the #-p-mannose, whichis linked
to O-4 of the glucuronic acid, may be subject to intramolecular hydrolysis***. For
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uronic acid oligomers derived from alginuate it has hccn suggested that intramolecular
hydrolysis dominates near the pK,. with a maximum™ at a pH between pA and pK, - 1.
The uncertainty in the determination of &', precludes. however. that the pH-depend-
ence of the ratio &'y, A . «an be used as a furthes nu,imnum of ntramoelecular
hydrolysis.

The g.le. analysis does not give information about the hydrolysis rates n the
glucan backbone. Analysis oof the intrinsic-viscosity data may allow a rough estimation
of the number of broken bonds in the glucan backbonce. and heace the first-order rate
constant A, . provided thut an appropriate model 1s used. As o first approximation we
have LhOSLIl the simplest model. namely. that xanthan s 2 Hnear, single-stranded
polymer. This analysis may also provide further informaton tn support of either
single-stranded. or tndivectly. a multiple-stranded conformation. For random depoly-
merization, the welght averige dc&,{m of polvmenzavon {x Himtially varnes with time as
described by the foliowing cquation”

Frx, = 1(x), + tkr s

W

where A is the first-order rate-constant 14)1 breaking a glvcosidic bond in the glucose

backbone. and x, equals M M were M 18 the average molecular weight per glucose
residue. Eq. 4 requires that {r;zcmm uf broken bonds be very small compared to

unity. This criterion 1s met even for the most-degraded samples. since intrinsic visco-
sities of 36--100 mL ‘g corresponds to moltecular weights of xanthan in the range ol 107,
The value of M 18 dlruﬂ refated to 111& intrinsic viscosity [y]. formstance through the
Mark Hnuwmk equation (Iy] = KM_ ). However, as the expenent o s not constant in
the high-molecular-weight range. the {1]§ M, relationship iv more conveniently de-
scribed i terms of a semiflexible rod or u‘ormlikc chain. By setuing M, = 500 and using
the [#] M relationship presented by Sato e al. ™ we oblain M and hence. 1 x,. Plotsof
1.x, versus time are shown i Fig. 7. Except for the sample degraded at pH 4 ¢1 =
500mm). which covers g limued range of molecular werghts, alt curves deviate signifi-
cantly from straight lines. Further. by using the slopes of the linesin Fig. 7 to calculate

apparent A, -values (Fq. 41 we obtain rate constants ¢hout 2- 3 arders of magnitude

lower thuan &', . and hence. &, (at pH 2 and 33 These dut alone suggests that the
glucan backbone s protected rowards hydrolysis, cspeciadly i the il phase. How.
ever. the deviations from straight hines in Fig. 7 clearly indicate that the single-stranded
model for ordered xanthan 1s ncompatible with the observed datu. Rate constants
derived from instrinsic-viscosity measurements do probably not correspond to the
“real” hydrolysis ratess These may be higher, but the conformational state of xanthan
may “mask’” breaksin the glucan backhone when viscosity is used to monttor backbone
depolymerization'”™

The hydrolysis of xanthan in dilute acid also exhibits significant deviations {rom
the general acid-catalysed degradation of polysacchandes. First. the rate of degradation
of the xanthan backbone. incasured as intrinsic-viscosity decay. is apparently not
proportional to the concentration of hydrogen 1ons. For instunce. xunthan s more
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Fig. 7. Plot of I/x, (calculated from [;]) versus time for hydrolysis of xanthan at 80° at pH 2 (A A),pH 3.0
(H O). pH 4.0 (@ O) at ionic strengths of 10mM (filled symbols) or 500mm (open symbols).

rapidly degraded at pH 4 than at pH 2 at low ionic strength (10mm). Secondly, the rate of
degradation apparently increases with time, especially when [#] falls below 500-1000
mL/g (Fig. 7). Finally, by increasing the ionic strength from 0.01 to 0.5, the degradation
proceeds more slowly for all the pH values investigated, with the largest effect being at
pH 4, which becomes the most stable pH.

A more-detailed analysis of the thermal stability of xanthan can only be perform-
ed by taking into consideration the special conformational behaviour of xanthan. Our
data (Fig. 1) support those reported by others™*, namely a gradual shift of the apparent
T, towards higher temperatures as the pH and, hence, the degree of ionization,
decreases. It was also confirmed that the intrinsic viscosity of undegraded xanthan
shows a reversible decrease upon acidification®®. However, for partially degraded
xanthans, the difference gradually disappears upon prolonged degradation, which is in
agreement with data on sonicated xanthan®. From the data in Fig. 1 and the literature
already cited, it may be concluded that the hydrolysis experiments started with fully
ordered xanthan, except at pH 4 and low ionic strength, where xanthan was ~ 50%
disordered. As kinetic data for the depolymerization of ordered xanthan do not fit the
single-stranded model, we next consider the behavior expected for a double-stranded
model.
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A single break in one of the chains in a double-stranded structure mayv not
necessarily lead to an overall change in the hydrodynamic properties due 1o mterchain
stabilization. Also if both chains are broken, but with a certusn distance between the two
points, the structure may not Jose 1ts viscosity or measured molecular weight. This may
happen provided that the distance is large enough to stabilize the double-helix confor-
mation, an effect which indeed has been observed for DNA™ In the fatler case. the
molecular weight was virtually unaltered in the carly phase of enzynue hvdrolysis,
despite a constant rate of chain cleavage. and it was esumated that the maximum
number of contiguous hyvdrogen-bonds which fail to keep two fragments umied was™
2 pairs at 257, A similar analysis may in principle be performed on xvanthan. but requires
accurate and direct measurement of the number of hydrolysed honds i the glucan
backbone. The data in Fig. 7. showing an increase in the degradation rate of ordered
xanthan, are at least in quahitative agreement with a double-strunded model. A separawe
analysis could also answer whether or not these linkages are stabithzed against hyvdroly-
sis because of their existence in an ordered. chain structure. The reaction mechuanism for
acid hydrolysis of glycosides™ suggest that such a stabilization may take place because
of steric hindrance in adopting the half-chair conformation of the intermedrate carbon-
m ion, and because of the proximity of the carbonium ton to hydroxy! groups at the
newly formed non-reducing end.

Another consequence of the "DNA-model™ for xanthan may be predicted when
the length of ordered fragments approach the critical length necessary to keep two
chaings together. Such fragments may denature into single strands. and the svstem
eventually approach single-strand kinetics (Eq. 43, The contnibunons from double-
stranded fragments contaiming long “sticky ends™ 15 uncertamn, ut shouid be included
for a more-detailed analysis. However, data on the most degraded samples in Fig. 7 may
suggest that xanthan approaches single strand degradation kinetios.

An additional factor that requires consideration is the observed change in chemi-
cal composition. For instance. hydrolysis at pH 2 for up 1o 1 days at 80 left the
glucuronic acid nearly uncleaved and. hence, the x-mannoese almost unhyvdrolysed.
whereas the amount of mannose was decreused by S0%.. This result demonstrates the
preferential hydrolysis of the outer f~-mannose. The resulting polvier (obtained afier 10
days, with an intrinsic viscosity as high as 500 mL; ghmust be very sinnlar to the so-called
“polytetramer ™, a variant of xanthan lacking the outer f-mannose and which has been
obtained by genetic manipulation of xanthan-producing bacteria™. Litile is thus far
known about the conformational behaviour and M -iy] relationship of this polysaccha-
ride. but X-ray fibre-diffraction studies of the “polytetramer™ have suggested that the
ordered structure is similar to that of intact xanthan”'. The samples produced at pH 3
also lost some of the f-mannose, but never reached the “polvtetramer” state in this
experiment. At pH 4, changes the sugar composition of xanthan could not be detected,
despite a substantial loss of viscosity at low 1oni¢ strength. Similar changes in the sugar
composition of xanthan were observed upon degradation by long-term treatment i sea
water™ at ambient pH, although the structure conformation relationship was not
further investigated. A companson of the data obtained at pH 2 and 3 iwhere the rates
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of intrinsic viscosity losses were essentially equal, despite the much more rapid loss of
f-mannose at pH 2) indicates that the removal of the outer mannose at least does not
increase the decay of intrinsic viscosity at these pH-values. A tentative explanation is
that the f-mannose is not essential in maintaining the ordered conformation of xanthan.

The change in chemical composition also changes the molar mass of xanthan and,
in principle, influences the xanthan concentrations used in calculating the intrinsic
viscosities. Selective removal of the f-mannose decreases the polymer concentration by
~20%, with a corresponding increase in the calculated intrinsic viscosity. However, as
xanthan is an extremely stiff molecule in its ordered state, we assume that changesin the
side chains do not influence the hydrodynamic volume when compared to the effects of
backbone depolymerization. In order to obtain intrinsic viscosities and molecular
weights that allow a comparison between the depolymerization rates of xanthans of
variable chemical compositions, the intrinsic viscosities were calculated on the basis of a
constant chemical composition (intact ““pentamer’’) throughout the hydrolysis process.

An investigation of the conformational properties of some of the xanthans
degraded at pH 2 was performed by using a standard optical-rotation method (Table
III). When measured at pH 2, where the hydrolysis took place, no thermally induced
transition could be detected at any time in the degradation process (Fig. 5). In this case,
a continuous increase in the absolute value of [¢] was observed with increasing hydroly-
sis times, starting at values for undegraded xanthan corresponding to ordered xanthan
and ending in the range of disordered xanthan. This change may be attributed to an
increasing fraction of disordered xanthan®, which is in concordance with the viscosity
behaviour. It is also possible that the preferential loss of f-mannose shifts [«] to larger
values, as also observed for galactomannans with variable contents of f-mannose®.
However, an increase in [a] has also been observed for sonicated xanthan’, even though
this procedure is thought to degrade only the backbone of xanthan. After 8 days of
hydrolysis at pH 2, the neutralized sample still exhibited the normal order-disorder
transitions upon heating (Fig. 6). The value of T, (at 10mMm ionic strength) was
essentially the same as for undegraded xanthan (Table IIT), again suggesting that the
“polytetramer” behaves in a manner similar to normal xanthan with respect to the
order—disorder transition. A sample degraded for 20 days at pH 2 behaved like
disordered xanthan, both before and after neutralization. The absence of a transition
was also confirmed by differential scanning calorimetry (A. Flaibani, personal commu-
nication).

The difference in intrinsic viscosities measured at pH 2 and 6-7 gradually dis-
appears upon degradation at pH 2 (Fig. 3), which also suggests that the effect of pH
upon the conformational behaviour becomes less important during the hydrolysis.

The hydrolysed xanthans described in this work appear to be promising model
substances for structure—function relationship. In contrast to the “pentamer—tetramer—
trimer” series of xanthan®, with large and discrete differences in chemical composition,
hydrolysis may produce a continuous series of modified xanthans along the ““pentamer-
trimer”” gradient. This is possible because of the effective retention of intrinsic viscosity
upon acid hydrolysis.
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