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Abstract  

Conformationally ordered, double-stranded xanthan, degraded in the presence of H20 2 and 
Fe 2+ (at 20°C) or in dilute acid (0.1 M HC1 at 80°C), produced xanthan variants with 
weight-average molecular weights (M W) ranging from 2 × 106 to 5.4 )< 104. In both cases the 
fraction of cleaved linkages in the glucan backbone (a) ,  measured as reducing ends, increased to 
very high values (0.05 for Mw = 2-3 × 104), demonstrating that a large number of linkages in the 
backbone could be cleaved without a correspondingly large reduction in M~,, in accordance with 
the double-stranded nature of xanthan. Extensive degradation (more than 10-fold reduction in 
M w) in both cases released single-stranded, conformationally disordered oligomers; this release 
was accompanied by an increase in the rate of acid hydrolysis of the glucan backbone and a 
pronounced increase in the rate of release of glucose monomer. In contrast, there was no 
significant change in the rate of reducing end-group formation associated with the release of 
oligomers upon degradation with H202/Fe 2+. Both types of degradation were accompanied by 
changes in the composition of the side chains. However, in contrast to acid hydrolysis, where the 
terminal /3-o-mannose is preferentially hydrolyzed, the reaction with H202/Fe 2+ resulted in 
removal of both mannose and glucuronic acid at approximately equal rates. This observation can 
be explained by a preferential attack on the inner a-D-mannose, with concomitant removal of the 
entire side chain. Removal of side chains and the release of single-stranded oligomers by 
H202/Fe 2+ strongly influenced the optical rotation and also broadened the chiroptically detected 
conformational transition, whereas no change in the transition temperature was observed. 

Keywords: Xanthan; Degradation; Acid hydrolysis 

* Corresponding author. 

0008-6215/96/$15.00 © 1996 Elsevier Science Ltd. All rights reserved 
SSDI 0008-6215(95)00289-8 



86 B.E. Christensen et al . /  Carbohydrate Research 280 (1996) 85-99 

1. Introduction 

Polysaccharides, including xanthan (Fig. 1), are susceptible to free-radical induced 
degradation, as in the presence of reducing agents and molecular oxygen. Such reactions 
are commonly referred to as oxidative-reductive depolymerizations (ORD) and result in 
cleavage of linkages in the polymeric backbone [1]. In comparison with many other 
water-soluble polymers, xanthan appears to be much more stable towards degradation, 
usually observed as loss of viscosity, as long as it exists in the double-stranded, ordered 
conformation. This is utilized in the oil industry, as in polymer flooding, and good 
performance has been obtained with the use of xanthan for extended periods [2]. When 
the degree of conformational order is decreased, as by lowering the ionic strength, the 
depolymerization proceeds much faster [3,4]. 

In previous articles we have explored in detail the behavior of double-stranded 
xanthan when exposed to random degradation, both theoretically [5] and experimentally 
through degradation by acid hydrolysis [3-8], and to a certain extent, by ORD [4]. 
Despite the changes occurring in the side chains, it was found that the double-stranded 
structure is quite robust, and persists until the glucan backbone finally becomes 
extensively depolymerized. The kinetics of the decrease of the weight-average molecular 
weight M w also deviated strongly from that expected for random degradation of 
single-stranded polymers, since the apparent depolymerization rate was low in the initial 
stages of the degradation, but increased strongly with time [3-7]. This has been 
qualitatively attributed [5,7] to the double-stranded nature of xanthan. In the initial phase 
of the degradation, the non-covalent forces which cooperatively stabilize the double- 
stranded structure largely reduce the extent of strand separation although linkages in the 
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Fig. 1, Pentasacchm'ide rel~ating-unit corresponding to acetate- and pyruvam-free ×~mth~m. 
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glucan backbone indeed are cleaved. A total break in the double-stranded structure will 
only occur when both strands are cleaved within a critical distance (h), which corre- 
spond to the minimum overlap distance needed for two single chains to form a duplex. 
The probability (q) for a total break to occur is given by eq (1) [9]: 

q = ( 2 h +  l)ot  2 (1) 

where a is the frequency or probability of (random) cleavage of any glycosidic linkage 
in the glucan backbone. So far, the relationship between q and a has not been 
experimentally determined for multiple-stranded polysaccharides, and analysis of a 
through analysis of reducing ends is therefore attempted here, both for acid hydrolysis 
and for degradation with H202//Fe 2+. 

A second characteristic feature associated with the depolymerization of multiple- 
stranded polymers such as xanthan is the release of single-stranded, conformationally 
disordered fragments. They are formed when two scissions occur within the same chain, 
and within a distance along the chain (1) which is too short to allow the cooperative 
incorporation of the fragment in a multiple-stranded structure [5,7], namely when l < h. 
For acid hydrolysis of xanthan, such fragments have been identified by size-exclusion 
chromatography (SEC) or gel filtration [7,10], and it was further confirmed that they 
were indeed conformationally disordered. There was on the other band no difference in 
the chemical composition, i.e., in the composition of the side chains, between the 
fragments and the parent double-stranded structures from which they were released [7]. 
These fragments, as well as the newly formed single-stranded regions of the adjacent 
chain, seem to be more rapidly degraded, resulting in the overall increase in the 
degradation rate (reduction in M w) which is observed after extensive degradation [7]. 

Acid hydrolysis of xanthan leads to preferential hydrolysis of the terminal /3-D-man- 
nose in the side chains. This is attributed [3] to intramolecular catalysis by the carboxyl 
group of the adjacent glucuronic acid. In line with this it has been found that in acetan 
(xylinan), a polysaccharide structurally related to xanthan except that the terminal 
mannose is  replaced by the trisaccharide a-L-Rhap-(1 ~ 6)-fl-o-Glcp-(1-~ 6)-a-O- 
Glcp-(1 -~ 4)-, the trisaccharide was preferentially released [8]. 

Compared to acid hydrolysis, ORD reactions are considered to be less specific, and 
the mechanisms which eventually result in cleavage of glycosidic bonds seem to be 
poorly understood. Simple copolymers like hyaluronate give rise to several types of end 
groups when degraded by ORD [11], but long single-stranded polymers are generally 
degraded in a random fashion [1,4,12]. In the case of xanthan it has been shown that the 
ratio between mannose and glucose decreases with time when degraded by ORD [13,14], 
showing that the side chains are affected in addition to the observed reduction in chain 
length [14] due to cleavage of linkages in the backbone. Moreover, the content of acetate 
and pyruvate also decreases [13-15]. 

In this work we explore in more detail the degradation of xanthan in the presence of 
H202 and Fe E+ (Fenton reagent), which is considered as an appropriate model for most 
ORD reactions occurring in nature or in technical applications. Both changes in the 
structure of the side chains, changes in Mw, and molecular-weight distributions are 
monitored, and the results are compared to those obtained for acid hydrolysis. Analysis 
of the formation of reducing ends in the glucan backbone is attempted, since this may 
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yield information about the degree of chain cleavage ( a ) ,  which due to the double- 
stranded structure may be substantially higher than the apparent depolymerization rate 
calculated from the reduction of M w [5,7]. 

Pyruvate- and acetate-free xanthan is used in the present study since a high and 
possibly varying level in the content of these substituents in the course of the 
degradation might influence the order-disorder transition, that is, both the transition 
temperature (T m) and the width of the transition. 

2. Experimental 

Mater ia l s .mXanthan  containing one O-acetate and one pyruvate substituent per 
repeating unit [16] was obtained as a fermentation broth from Statoil A / S ,  Stavanger, 
Norway; 100 g of broth containing ,-, 4 g / L  of xanthan was diluted with 4 L of 10 mM 
NaC1, stirred for 12 h, and centrifuged (13,000 rpm, 30 min) to remove suspended 
particles. The supernatant was filtered through a 0.8-/zm filter, and concentrated on a 
rotavapor to ~ 1 liter. The xanthan was precipitated with 2-propanol three times, 
redissolved in pure water, and freeze-dried. Pyruvate was removed by mild acid 
hydrolysis (0.1 M HCI, 3 h, 80°C) and acetate was removed by alkaline hydrolysis 
(0.025 M NaOH, 3 h, 20°C, N 2 atmosphere) [3,17-19]. The samples were subsequently 
dialyzed extensively against the buffer used in the degradation experiments. 

Degradation.--Degradations with H202 /Fe  2+ were performed at 20 and 100°C 
using the pyruvate- and acetate-free xanthan (1.0 mg/mL)  dissolved in a buffer 
containing 10 mM sodium acetate, 10 mM Na2EDTA (pH 5.0). All glassware was 
acid-washed to remove traces of transition metal ions, which otherwise would lead to 
decreased reproducibility due to the strong dependence of metal ions on the rate of the 
ORD reaction [12]. The reaction was initiated by adding H20 2 (50 mM) and FeC12 (1.0 
/xM), and stopped by adding a mixture [20] of Na2SO 3 (260 mM), thiourea (130 mM), 
and 2-propanol (26%). The values refer to final concentrations. It was shown in separate 
degradation experiments using a solution of O-(hydroxyethyl)cellulose that no further 
degradation, measured as reduction in viscosity, took place after addition of the mixture. 
About one third of each of the degraded samples was dialyzed (see below) extensively 
against 10 mM NaC1 and analyzed by SEC-LALLS as described below. The rest was 
dialyzed against pure water and a major portion was subsequently freeze-dried. 

Degradation of xanthan in 0.1 M HCI was performed as previously described [5], 
using the 2-propanol-precipitated sample described above. In this case the initial 
reduction in the content of pyruvate and acetate was omitted since the acid hydrolysis 
rapidly removes these substituents [3,7]. 

Dia ly se s . - -A l l  dialyses were performed using dialysis tubing (Visking, size 1-8/32 
in.) obtained from Medicell International Ltd. The effective porosity was investigated by 
dialysing a series of cellooligosaccharides (DP 1 to 5), maltooligosaccharides (DP 1 to 
7), and neocarratetraose, all obtained from Sigma. All of these oligosaccharides were 
found to be 100% dialyzable provided that enough time was allowed to reach equilib- 
rium (typically 8-24 h at 4°C). Since M w of the depolymerized xanthans is larger than 
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40,000, the dialyzable fraction consists primarily of fragments resulting from the release 
or degradation of side chains (DP 1 to 3), which are 100% dialyzable. 

Analyses.--The chemical composition of partially degraded xanthans was determined 
by GLC following methanolysis and trimethylsilylation [3,7]. Molecular weights and 
molecular-weight distributions were determined by size-exclusion chromatography (SEC) 
combined with low-angle-laser light-scattering (LALLS) measurements (on-line) as 
previously described [7]. Reducing ends were analyzed by the Nelson reagent method 
[21]. Free glucose was analyzed using a commercial kit (Boeringer Mannheim; catalogue 
no. 716 251). The content of pyruvate and acetate was determined by 1H-NMR 
spectroscopy [16,17,19]. 

3. Results 

Reduction in Mw.--The decrease in M,  accompanying the degradation of double- 
stranded xanthan with H202 /Fe  2+ (20°C) and 0.1 M HC1 (80°C) was analyzed by 
SEC-LALLS. The results are shown in Fig. 2. In both cases M w is reduced from 
~ 2-3  × 106 to ~ 5-10 × 104. 

Formation of reducing ends in the glucan backbone.--Fig. 3 shows the fraction of 
detectable reducing end-groups formed in the two different degradations. It should be 
noted that measurements were performed on thoroughly dialyzed samples, thereby 
avoiding contributions from oligomers originating from the side-chains as well as from 
glucose monomer released from the backbone (see below). The results are expressed as 
the number of reducing ends formed relative to the total number of glucose residues. 
This ratio corresponds to the degree of chain scission (t~), provided that a reducing end 
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Fig. 2. Change in M w following degradation of double-stranded xanthan in 50 mM H202 containing 1 /~M 
FeCI 2, 20"C (O) and 0.1 M HCI, 80°C (ll). 
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Fig. 3. Fraction of backbone (glucose) residues that appear as reducing ends ( a )  or as free monomers upon 
degradation with H 2 0 2 / F e  2+ at 20°C (t~ only) and 0.1 M HCI, 80°C. Symbols: For degradation with 
H202/Fe2+:  a (O)  and ln(1 - or) (O).  For degradation in 0.1 M HCI: ot (D),  ln(1 -- or) (11) and fraction of 
glucose released as monomer (O). 

is formed each time a chain is cleaved. For degradation w i t h  H202/Fe 2+, o~ appears to 
increase linearly (within experimental error) with time to a value close to 0.22 obtained 
after 60 h. The plot of ln(1 - a )  vs. time is also linear, indicating that the degradation 
obeys first-order kinetics. From this plot the rate of end group formation was found to be 
0.0039 h -1. An important observation is that the rate constant was independent of the 
degree of chain scission or consequently, independent of M, .  

A different behavior was observed with acid hydrolysis. Initially (0-120 h), a linear 
plot of ln(1 - a )  versus time was obtained, with a calculated first order rate constant of 
0.00019 h -1 . After this point the degradation became more rapid, with an estimated rate 
constant of ~ 0.0006 h-  I 

Release of glucose monomer.--Since the backbone of xanthan consists of glucose 
residues only, whereas the side chains are devoid of glucose, analysis of the changes in 
the amount of free glucose monomer may provide further information about the 
depolymerization process. For a truly random type of depolymerization, the fraction of 
glucose residues released as monomer should correspond to a 2 (the rate of destruction 
of free glucose is assumed to be negligible under the conditions used). The experimental 
data obtained with acid hydrolysis are included in Fig. 3. The analyses were in this case 
performed on undialyzed samples. In the early phase (0-50 h), free glucose is hardly 
detectable, in accordance with the low values of a in the same interval. However, after 
~ 100 h the level increases rapidly and more pronounced than the amount of reducing 
ends. After 250 h, ~ 20% of the glucose originally present as polymer is released as 
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Fig. 4. Change in the molar ratios between mannose and glucose (O),  glucuronic acid, and glucose ( 0 )  and 
between glucuronic acid and mannose (~ )  upon degradation of xanthan with H 2 0 2 / F e  2+ at 20°C. Dotted 
lines correspond to a pseudo first-order process fitted to the data in the interval 0-15 h. 

monomer. This is far more than the theoretical amount (a2) ,  which in this case should 
be 0.01 ( a  = 0.1). 

Chemical composition.--Fig. 4 shows the changes in molar ratios between mannose 
(Man) and glucose (Glc), and between glucuronic acid (GlcA) and glucose, resulting 
from degradation of xanthan with H202 / F e  2+ at 20°C. The figure shows that Man/Glc  
is reduced from 1.0 to ~ 0.65, whereas GlcA/Glc  is reduced from 0.5 to ~ 0.33. In 
contrast, the calculated ratio GlcA/Man  is nearly constant or slightly increased. These 
changes can be explained by a mechanism which preferentially leads to cleavage of the 
linkage between the inner a-D-mannose and the glucan backbone, with a concomitant 
loss of the entire side chain. As shown in Fig. 4, a pseudo first-order rate constant of 
0.015 h - I  (with respect to the a-D-mannose) describes the data fairly well up to about 
15 h (dotted lines in Fig. 4). After this time the rate of the reaction seems to decrease 
slightly. For acid hydrolysis, rate constants have been determined earlier [7]. 

A degradation experiment was performed with H 2 0 2 / F e  2+ at 100°C, where xanthan 
is in the disordered conformation. In this case, the reaction was extremely rapid, and 
after 7.5 min the sample was degraded to a composition corresponding to sample 
degraded at 20°C for 40 h. After 7.5 min no change in the chemical composition was 
observed, indicating that most of the H202 had been consumed. 

Molecular-weight distributions.--The molecular weight distributions obtained fol- 
lowing degradation with H 2 0 2 / F e  2+ were analyzed at ambient temperature by size-ex- 
clusion chromatography (columns TSK G6000PWXL + G5000PWXL, serially con- 
nected, with 10 mM NaC1 as eluent), and the corresponding elution curves are given in 
Fig. 5a. Elution curves obtained following acid hydrolysis have been published earlier 
[7]. The main peak in the elution profiles moves towards higher elution volumes with 
increasing degradation times, in accordance with the decrease in M w. The elution was 
monitored by a LALLS detector and a refractive index detector, which permits the 
calculation of molecular weights. The on-line calculated molecular weights (Fig. 5b) 
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Fig. 5. Size-exclusion chromatography profiles (refractive index detector) (a) and the on-line calculated M 
values (b) of xanthans (degraded with H202/Fe 2+ at 20"C). Solvent: 10 mM NaCI. Symbols and 
corresponding samples in (b): 4 h (O), 15 h ( , ) ,  25 h (O), 30 h (A), 50 h (+), and 60 h (0). 

decrease with the elution volume, and although the curves cover different M-ranges they 
fall essentially on the same line. The amount of scattered light was too low to permit 
estimates of the molecular weight for elution volumes larger than 18 mL (M < ~ 60,000). 

A significant finding in Fig. 5a is the appearance of a separate peak eluting at 
~ 19-20 mL. The relative amount of material eluting in these peaks cannot be 
accurately assessed due to overlap with the main peak, but it is clearly seen that the 
amount increases with increasing degradation time. By extrapolation of the data in Fig. 
5b the molecular weight of the material eluting in the second peak is estimated to lie in 
the range 10-30 × 103. These values must be regarded as rough estimates, since they 
may represent fragments which differ in conformation and shape from the starting 
material (see below). An elution volume of 20 mL corresponds to a pullulan standard 
with M = 48 × 103. When the ionic strength of the eluent was increased to 0.1 M 
(NaCI), the elution curves of the most degraded samples ( >  15 h) shifted closer to the 
salt peak. The shift increased with decreasing M , ,  but all elution curves retained their 
multimodal shape (data not shown). This indicates that the shape of the highly degraded 
xanthans depends on the ionic strength to a larger extent than high-molecular-weight 
xanthans. This is in accordance with an observed increase in chain flexibility [7], 
allowing for a more typical polyelectrolyte character. The same type of multimodal 
molecular-weight distribution was also observed earlier for xanthan degraded by acid 
hydrolysis [7,10], where it was shown that the second peak corresponded to conforma- 
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Fig. 6. Temperature dependence of the optical rotation (Ot365) for xanthans degraded by H202/FC 2+ at 20°C. 
Solvent: 10 mM NaCl. Xanthan concentration: 1.68 mg/mL. 

tionally disordered, single-stranded oligomers that had been released from the double- 
stranded structures. We take the data in Fig. 5a as a strong indication for the same 
phenomenon occurring upon degradation with H202/Fe  2+, i.e. a progressive release of 
single-stranded oligomers. 

The components eluting just before and after the salt peak (marked with an asterisk in 
Fig. 5a) are most probably contaminants since they did not appear in two samples (10 
and 40 h) that were prepared and analyzed in a separate experiment. 

Conformational transition of  xanthans degraded with H 2 0 2 / F e  2 +. Optical rotation 
studies.--Fig. 6 shows the optical rotation in 10 mM NaC1 as a function of temperature 
for samples degraded for 0, 10, 30, 50, and 60 h. The polymer concentration was the 
same (1.68 mg/mL)  in all cases. Due to pronounced hysteresis, only data for the first 
heating cycle are shown. The curves are quite similar to those obtained for partially 
hydrolyzed xanthans [6,7], showing the characteristic cooperative order-disorder transi- 
tion near 60°C at this particular ionic strength. Two distinct features accompanies 
degradation with H202/Fe 2+. First, the optical rotation corresponding to the ordered 
conformation (linear region below the transition, as at 30°C) increases with increasing 
degradation times, whereas only a small increase is seen in the disordered conformation 
(as at 80°C). Secondly, the transition becomes broader with time. In order to obtain more 
precise information, the curves were analyzed further, as shown in Fig. 7. The linear 
parts of the optical rotation curves were assigned to the fully ordered state (lower line) 
and disordered state (upper line), recognizing that these assignments become gradually 
more uncertain for the most degraded samples. The fractional order ( f ) ,  corresponding 
to the fraction of ordered residues in the glucan backbone, was then calculated as 
described earlier [6]. The f-data (open symbols in Fig. 7) show more clearly that the 
transition broadens with increasing degradation time, whereas the transition temperature 
(T m, f =  0.5) is nearly constant or decreases slightly (observed values: 58, 55, 52, and 
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Fig. 7. Assignment of regions corresponding to the fully ordered (lower lines) and disordered (upper lines) 
conformations from the optical rotation data (O), and calculation of the fraction of conformationally ordered 
residues (<>, right Y-axes) for xanthan degraded by H202/Fe 2+ at 20°C for 0, 10, 30, and 50 h. Note that 
different scales are used for the values of a365 (left Y-axes). 

59°C for degradation times 0, 10, 30, and 50 h). The high value for the 50-h sample 
most probably reflects experimental uncertainty rather than a systematic trend. 

4. Discussion 

The degradation of  double-stranded xanthan by H202/ /Fe 2+ shares many of  the 
features that are also observed by acid hydrolysis. Such features include extensive 
depolymerization of  the glucan backbone, changes in the structure of  the side chains, 
and the release of  single-stranded oligomers. A dominating factor with respect to the 
physical behavior of  partially degraded xanthans seems to be the molecular weight or 
equivalently, the degree of  chain scission (at), irrespective of  the type of  degradation, 
although the influence on the chemical structure of  the side chains may differ in the two 
cases. 
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Measurements of the formation of reducing ends in the glucan backbone reveal in 
both cases particularly interesting information regarding the depolymerization processes. 
For depolymerization with H202 /Fe  2+ the formation of reducing ends obeys pseudo 
first-order kinetics over the whole range of molecular weights, indicating that the 
degradation of the backbone indeed occurs in a random fashion. In contrast, the data 
from acid hydrolysis shows that the depolymerization rate increases with time. We 
suggest that the increased degradation rate is related to the release of shorter, single- 
stranded xanthan fragments where the glucan backbone is hydroiyzed more rapidly than 
in the double-stranded regions of the molecule. A possible explanation [3] for the 
stabilizing effect occurring in the early stages of the degradation can be inferred from 
the proposed reaction mechanism for acid hydrolysis [22]. The incorporation into a quite 
rigid double-stranded structure may lead to steric hindrance in adopting the half-chair 
conformation of the intermediate carbonium ion, and possibly, to an increased tendency 
to reversion of the reaction due to the proximity of the carbonium ion to hydroxyl 
groups at the newly formed non-reducing end. In contrast, the degradation with 
n2OE//Fe 2+ is apparently not influenced by the strandedness, suggesting that glycosidic 
linkages are cleaved by another mechanism. 

The release of the glucose monomer upon acid hydrolysis (Fig. 2) shows a very 
special behavior. For a truly random process, one would expect that the fraction of free 
glucose should equal a 2. However, this value is largely exceeded at high degradation 
times. A possible model for liberation of glucose, which in any case requires hydrolysis 
of a minimum of two linkages, is that hydrolysis of the first linkage is rate limiting, 
whereas the newly formed terminal glucose (reducing or non-reducing) is rapidly 
hydrolyzed. In this case the fraction of glucose monomer would be close to a.  
Moreover, the removal of side chains caused by hydrolysis of the inner mannose leads to 
regions devoid of side chains [3-8]. The removal of side chains in 0.1 M HC1 at 80°C 
occurs with a pseudo first-order rate constant of 0.0025 h-1 (ref. [7]), that is ~ 4-12 
times faster than the formation of reducing ends in the backbone. This process exposes 
three consecutive, unbranched glucose residues. If one of the tree linkages in such 
regions is first hydrolyzed (in the rate-limiting step), followed by rapid removal of the 
three unbranched residues, the amount of free glucose monomer would be 3ct. It is 
obvious from Fig. 2 that neither of the proposed mechanisms adequately explain the 
observed values, except in the very late stages of the degradation. In fact, most ( > 80%) 
of the free glucose is liberated in the period after about 120 h, that is for ct > ~ 0.05. 
The major event in this interval is the release of single-stranded fragments (Fig. 5 in ref. 
[7]). We therefore suggest that glucose monomer is primarily liberated from the 
single-stranded fragments, and that the liberation of the fragments themselves is the 
rate-limiting step. Regions within these fragments that are devoid of side-chains may 
undergo further hydrolysis, and give rise to the high glucose values seen in late stages of 
the degradation. 

In Fig. 8 are shown the measured values of M w plotted a function of the degree of 
chain scission ( a )  for both types of degradation. The two curves lie very close to one 
another, suggesting that M w is a unique function of a irrespective of the degradation 
type. This also suggests that all or at least most of the chain scissions induced with 
H202 /Fe  2÷ involves the formation of a reducing end. Fig. 8 further gives the 
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Fig. 8. Plot of M w vs. the degree of chain scission ( a )  for degradation with acid hydrolysis (11) and with 
H 2 0 2 / F e  2+ (O). Model curve for the random depolymerization of a single-stranded polymer is included 
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theoretical a - M  w relation [3] expected for the random degradation of a single-stranded 
polymer with M w = 5 × 106. The figure illustrates that the double-stranded structure 
retains a much higher M w (factor of ~ 10-15) than a single-stranded polymer at the 
same degree of chain scission. This further suggests that only one out of 10-15 broken 
linkages in the glucan backbone actually gives rise to a decrease in M w, and that the 
partially degraded xanthans therefore contain a high number of unexposed chain ends, as 
illustrated in Fig. 9. The number-average degree of polymerization (DP n, in terms of 
glucose residues, corresponding to one half repeating unit) of the individual chains 
comprising the complex, double-stranded structure, equals 1 / a .  It follows for example 
that a sample degraded to M w = 2 × 105 and hence a = 0.06 (Fig. 8) actually consists 
on average of 14 individual chains that form a larger double-stranded structure stabilized 
by non-covalent linkages. We assume [3] here that Mn = 1 / 2 M  w = MoDP n, and M 0 = 
422 (ignoring for the sake of simplicity the reduction in the equivalent weight of the 
repeating unit due to degradation in the side chains). It is to our knowledge the first time 
that such a metastable structure (Fig. 9) has been observed among the polysaccharides, 
whereas it is known that similar structures can exist in DNA [9]. It follows that other 
multiple-stranded polysaccharides, as in triple-stranded scleroglucan or schizophyllan, 
may be partially degraded to form corresponding structures, but this topic remains to be 
further explored. 

Degradation of xanthan with H202 /Fe  2÷ leads to a reduction in the Man/Glc  ratio 
while the Man/GlcA ratio remains essentially constant (within experimental error). This 
is most easily explained by a mechanism where the entire side chain is split off. This 
suggests that the region near the glycosidic linkage between the a-D-mannose and the 
glucan backbone is attacked, presumably [1,23] by the hydroxyl radical formed through 
the Fe2÷-catalyzed decomposition of H20  2 [24]. The secondary reactions which eventu- 
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Fig. 9. Schematic representation of a partially degraded xanthan containing shorter chains stabilized within the 
double-stranded structure and the release of oligomers that are too short to allow their incorporation in the 
duplex. Note that side chains are omitted in the figure, and that each drawn unit may consist of several 
backbone residues. 

ally lead to cleavage of the linkage cannot be inferred from the present observations. 
This degradation pattern deviates from that obtained by acid hydrolysis, since the latter 
preferentially removes the terminal /3-D-mannose [3-8]. Systematic studies of partially 
hydrolyzed xanthans showed [5] that the content of both fl-D-mannose to a large degree 
determined the magnitude of conformation-linked parameters such as the optical rota- 
tion, circular dichroism, and transition enthalpy, although the transition temperature was 
independent of its content. Also in the case of degradation with H202 /Fe  2+ an 
influence on the optical rotation was observed (Fig. 6). Below Trn (as at 30°C) an 
increase in ot365 was observed with increasing degradation times, whereas the influence 
of the degradation time on a365 was very small above T m (as at 80°C). The increase in 
a365 below T m can in part be explained [6] by the removal of side chains, which 
contribute significantly to the magnitude of 0[365 in addition to the increase in a365 due 
to an increase in the fraction of conformationally disordered residues. However, for the 
60-h sample, where a conformational transition could hardly be detected, ,,, 60% of the 
side chains were still present (data in Fig. 4 extrapolated to 60 h), suggesting that other 
factors also contribute. The obvious possibility is then that the fraction of conformation- 
ally disordered residues increases as a result of the degradation. This is supported by the 
gradual release of low M w fragments (the second peak in the SEC chromatograms) 
which are assumed to be conformationally disordered [7]. After 60 h of degradation it 
seems that the relative amount of such fragments is roughly in the order of 50%, which 
then could account for half of the increase in 0[365 below T m, whereas the remaining 
increase is tentatively attributed to the removal of side-chains. Although T m appeared to 
be independent of M w, a broadening of the transition was observed with decreasing 
M w. This contrasts with the observations made for acid hydrolysis, which did not result 
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in the same extent of broadening [6,7]. Such broadening is generally expected for 
cooperative transitions of this type due to the effect of chain length on the cooperativity. 
The difference between the two degradation types may well be associated with different 
degradation patterns in the side chains. 

As also shown previously for acid hydrolysis [7,10], prolonged degradation of 
xanthan with H202 /Fe  2+ results in the release of conformationally disordered frag- 
ments which appear at higher elution volumes in the size-exclusion chromatography 
experiments (Fig. 5a). The shift towards a multimodal molecular-weight distribution 
(Fig. 5a) with increasing degradation time can be explained by the mechanism depicted 
in Fig. 9 [5,7]. The central feature is that the DP of some of the oligomers is below the 
critical value (DP c) which is needed to allow the cooperative stabilization within a 
duplex structure. The enthalpy gain associated with the formation of non-covalent 
linkages between the chain segments, which is proportional to DP, will for short 
fragments not be large enough to compensate for the entropy loss associated with duplex 
formation. The value of DP¢ is of fundamental interest although it is expected to depend 
strongly on parameters such as temperature and ionic strength. Estimation of DP c applies 
therefore only to the experimental conditions where analysis of the degradation takes 
place. From the relationship between elution volume and M w in the SEC analysis (Figs 
5a and 5b) we may roughly estimate DP¢. The second peak in the chromatograms, which 
is attributed to the released fragments, corresponds according to Fig. 5b to a M w in the 
range of 104.2= ~ 16,000. However, this average value will be an underestimation, 
since further depolymerization of these fragments occurs during the experiments. We 
have previously [7] estimated DP¢ to a value corresponding to 10-15 glucose residues 
based on the relative content of low molecular weight fragments (Csingle//Ctotal) by 
means of a Monte Carlo model [5]. The problem of further degradation of the fragments 
is then circumvented, but requires that Csingle can be estimated with reasonable accuracy. 
Unfortunately, there is too much overlap between the peaks to allow good estimates of 
the areas, and this approach was therefore not carried further. 

The accelerated degradation of polysaccharides by H202 /Fe  2+ to mimic naturally 
occurring ORD reactions has several advantages over methods like acid hydrolysis, 
particularly in questions regarding conformational effects. First, it may be assumed that 
the nature and specificity of the H202 /Fe  2+ induced degradation are more representa- 
tive than acid hydrolysis. A second feature is that although acid hydrolysis cleaves 
glycosidic linkages by well understood mechanisms it also stabilizes xanthan by 
inducing the ordered conformation (increasing T m). For instance, at 80°C and low ionic 
strength xanthan is more rapidly degraded at pH 4 than at pH 2 [3], and high 
temperatures are necessary to achieve reasonably rapid degradations. High temperatures 
also limit the range of physical methods that can be used to monitor the degradation, 
unless the samples are cooled, a step which may influence the degree of conformational 
order. In contrast, degradation with H202 /Fe  2+ proceeds rapidly at ambient tempera- 
ture, and the conformational state can, in principle, be varied more independently of the 
degradation agent. However, in contrast to H ÷, H202 is consumed in the reaction with 
Fe 2÷, and leads to a decrease in the rate of polymer degradation with time. 

In conclusion, degradation of double-stranded xanthan with H202 /Fe  2÷ proceeds in 
a manner which lies close to that observed earlier [3-8] for acid hydrolysis. Some 
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di f ferences  regarding changes  in the side-chains are observed ,  but  the effects  ascr ibed to 

the double-s t randed  state largely  governs  the stability propert ies.  
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