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SUMMARY 

A new high-temperature, salt-tolerant xanthanase suitable as an enzymic viscosity breaker for xanthan- 
based hydraulic fracture fluids was obtained by soil enrichment growth on xanthan gum incubated at 45~ in 
the presence of 3% NaC1. The mixed culture produces exoenzymes functional up to 65~ in the presence of 
salts. Degradation products include the pyruvic acetal of mannose and branched oligosaccharides derived 
from cleavage of main-chain/3-(1 ~4)-D-glucosyl linkages. Release of the terminal pyruvic acetal of D-man- 
nose leads to oligosaccharide products that evidently contain the ene-4,5-unsaturated glucuronic acid residue. 

INTRODUCTION 

It is essential that an enzymic viscosity breaker 
for xanthan gum-based hydraulic fracture fluids, 
employed to enhance the recovery of natural gas 
and petroleum from subterranean formations of 
low porosity, functions under conditions of elevat- 
ed temperature and salinity. Accordingly, a xanth- 
anase was sought that would function in brine at 
65~ which is considered the prevailing moderate 
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temperature in underground strata bearing gas and 
petroleum. Salt-tolerant bacteria that produce a 
xanthanase complex functional in the presence of 
brines have been isolated on enrichment culture 
with xanthan gum as the main carbon source [1]. It 
was further noted that the enzyme complex dis- 
played significant resistance to thermal inactivation 
at 48~ in the presence of 4-10% NaC1 [2]. This 
report describes enrichment isolation of a mixed 
bacterial culture that forms an extracellular xanth- 
anase complex with the required salt and thermal 
tolerances. From structural characterization of deg- 
radation products, it appears that two enzymes are 
involved: a lyase that removes terminal pyruvated 
D-mannose residues and a unique /?-(l~4)-D-glu- 
canase that cleaves glycosidic linkages of backbone 
chain residues bearing side chains. 
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MATERIALS AND METHODS 

Enrichment cultures 
A heat-stable, salt-tolerant mixed culture (NRRL 

B-14401) was isolated by enrichment from soil. The 
enrichment broth consisted of xanthan, 0.25%; 
(NH4)2SO4, 0.05%; yeast extract, 0.025%; tryp- 
tone, 0.025%; NaC1, 3%; and 0.03 M potassium 
phosphate buffer (pH 6.5). Soil samples were added 
to the broth in Erlenmeyer flasks (0.5 g/12 ml) and 
shaken at 45~ until viscosity reduction was ob- 
served (6-10 weeks). After two transfers were com- 
pleted to confirm xanthan biodegradation, the posi- 
tive culture was streaked on agar medium similar to 
the enrichment broth except that xanthan and NaCI 
were reduced to 0.2 and 1.0%, respectively. Neither 
single colony isolates nor pairs of isolates degraded 
the polysaccharide. 

The mixed culture was stored on agar slants and 
in lyophilized or liquid broths. The latter method 
was most satisfactory for routine experiments as 
cell growth and viscosity reduction occurred in 1 3 
days vs. 2-3 weeks when started from agar slant or 
lyophil cultures. 

Enzyme production 
Stock cultures were maintained by incubation in 

enrichment broth for 3-4 days at 45~ and stored in 
capped vials for up to 6 months. The same medium 
was used in the production flasks except that the 
NaC1 level was reduced to 2% and xanthan to 
0.15%. The first-stage flask was inoculated with 
10% v/v from the stock broth and incubated 3-5 
days until viscosity diminished and cell growth be- 
came evident. The inoculum flask (second stage) 
was seeded with 5% v/v from the first stage. After 
72 h, 12 ml of the second stage was inoculated into 
Fernbach flasks containing 750 ml of medium. 
Maximum enzyme production was achieved in 42 h 
in flasks shaken (150 rpm) at 45~ Longer incuba- 
tion diminished activity. 

Enzyme recovery 
Fermentation broth from the mixed culture was 

clarified by centrifugation (20 000 x g, 20 rain, 4~ 
and then concentrated up to 20-fold in an Amicon 

TCF-10 membrane dialysis apparatus equipped 
with a PM30 membrane of nominal 30 000 molec- 
ular-weight cutoff. The concentrate was recentri- 
fuged and dialyzed against 0.02 M potassium phos- 
phate buffer (pH 6.0) for 48 h to remove excess 
salts. 

The enzyme concentrate was applied to a Sepha- 
rose 4B (Pharmacia) column (1.5 • 150 cm) equili- 
brated with the above buffer (15 ml/min) at room 
temperature. All of the xanthanase activity was re- 
covered in the first protein peak. Specific activity 
increased from 195 units/mg protein (crude) to 680 
units/rag protein after this partial purification. En- 
zyme preparations were stored as either frozen or 
lyophilized concentrates, or as broths at 4~ under 
toluene. 

Xanthanase activity was measured as milligrams 
of mannose equivalents released [l] in 100 ml of a 
buffered-substrate solution containing 0.02 M po- 
tassium phosphate (pH 5.8); xanthan gum, 0.18%; 
MgSO4, 0.01%; MnSO4, 0.002%; and CaC12, 
0.001%. Enzyme (0.5 ml) and buffered substrate 
(2.0 ml) were equilibrated at 45~ and mixed. After 
60 rain, the enzyme was inactivated in boiling water 
(10 min) prior to measurement of reducing power. 

Preparation of degradation products 
The enzyme concentrate was dialyzed against 

cold distilled water for 18 h to remove excess salts. 
Xanthan (1.0 g) was added to 125 ml of the enzyme 
concentrate and the pH adjusted to 5.6. The mix- 
ture was incubated at 45~ under toluene until sig- 
nificant viscosity reduction was observed (7 days). 
The degraded xanthan broth was centrifuged at 
20 000 x g for 30 rain. 

Analytical methods 
Thin-layer chromatography, determinations of 

O-acetyl, pyruvic acid and reducing power, and es- 
timation of viscosity reduction are described else- 
where [1]. Carboxyls were converted to ethylene 
glycol esters for reduction with NaBD4 [10]. 

Isolation of degradation products 
As previously described [1], higher (HMW) and 

lower molecular-weight (LMW) products of enzy- 



molysis were separated with a PM-10 membrane in 
the Amicon TCF-10 membrane dialysis apparatus. 
Lyophilized yields of LMW and HMW fractions 
were 620 and 266 mg, respectively. After removal of 
pyruvated mannose by liquid chromatography on 
Bio-Gel P-2, the unresolved pentasaccharide and 
unsaturated tetrasaccharide components of the 
LMW fraction were separated by HPLC. The acid 
forms of the oligosaccharides were chromato- 
graphed in a solvent mixture of 1:1 water/acetoni- 
trile pumped at 6.0 ml. rain- a through a semi-prep- 
arative aminopropyl silica column (Dynamix-60A 
NH2, 10 mm i.d. x 25 cm). Only two peaks, in 
45:55 ratio, were detected by refractive index. The 
collected peak fractions were adjusted to pH 6.8 
and then concentrated in a rotary evaporator. Dur- 
ing concentration, both oligosaccharides precipitat- 
ed. Although insoluble in water, they were amena- 
ble to methylation analysis by virtue of solubility in 
the dimethyl sulfoxide-sodium methylsulfinylmeth- 
anide reagent. 

Structure determinations 
Component and methylation analyses were car- 

ried out as before [1] except for the use of capillary 
GC [9] for both flame ionization detection and mass 
spectrometry. Identification of sugar derivatives 
was facilitated by comparisons of GC retention 
times with standard compounds and by reference to 
the known structure of xanthan gum [5,7]: 

-4Glc/%4Glc/~-4Glc/~-4Glc/?- 
31 31 

OAc-6Mane OAc-6Manc~ 
2[ 21 
GlcA/~ GlcA/~ 
4t 41 

PA-4,6Manfl Man/~ 

The structure depicted reflects the average degree 
of pyruvation (PA = pyruvic acetal) of the xanthan 
gum preparation [8] used in this work, although the 
sequence of pyruvation is not known. 
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RESULTS 

Stability of substrate-free xanthanase 
This enzyme was highly stable during routine 

handling and purification at room temperatures. 
About 95% of the activity remained after lyophil- 
ization and 90% remained after freezing the con- 
centrate (-20~ There was no loss of activity in 
solutions stored up to 6 months at 4~ under tolu- 
ene. At 45~ and in buffer of low ionic strength, 
activity gradually diminished to 20% of the maxi- 
mum after 7 days. 

Fig. 1 depicts the results of temperature studies 
conducted in media of relatively low ionic strength. 
It can be seen that the previously reported salt-tol- 
erant xanthanase [1] was stable only to about 40~ 
when heated for 20 rain, with no activity remaining 
at 50~ In contrast, the high-temperature xanthan- 
ase was stable to 60~ when tested under the same 
conditions. The enzyme(s) were inactivated at 70~ 

Salts were previously shown to increase the sta- 
bility of salt-tolerant xanthanase [2]. Fig. 2 illus- 
trates the effect of salt on the stability of high-tem- 
perature xanthanase. In the absence of salt, activity 
began to deteriorate above 55~ while in the pres- 
ence of 3% NaC1 the xanthanase did not begin to 
lose activity until the temperature exceeded 60~ 

- - o  X- -- --X- -- --X-._ 100' ~ ~ ~x. 

E 80 ~ HT \\ 
E ST-Xanth Xanthenase\ \ 
% 60 \ 

r 40 1 \ t \ 
2o 

I I I I I L 
30 35 40 45 50 55 60 65 70 

Temperature (C ~ 

Fig. 1. Thermal stability of salt-tolerant (ST) [1] and heat-toler- 
ant (HT) xanthanases (enzyme heated 20 rain; assay 2 h, 45~ 

0.025 M buffer, pH 6.0, substrate: 1 mg/ml). 
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Fig. 2. Effect of added NaCI on the thermal stability of high- 
temperature xanthanase (conditions and assay same as in Fig. 1). 
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Fig. 3. Progress of high-temperature xanthanase activity as a 
function of incubation time (substrate: 3.5 mg/ml, 45"C, 0.025 M 
buffer, pH 6.0). Reducing sugar, A - -  A; viscosity. I 1 - - - I I .  

At 65~ 82% of the maximum activity remained 
after 20 min. 

To measure stability to pH, samples were tested 
over the pH range of 4-9 at 25~ for 24 h. There 
was good stability from pH 5 to 8 with optimum 
stability at pH 5.8. The enzyme was more stable at 
the basic end of the pH range. At pH 9, 70% of the 
maximum activity remained, whereas only 10% re- 
mained at pH 4.5. 

Catalytic properties of xanthanase 
Xanthanase activity, measured as reducing 

power release, was determined over a temperature 
range of 35-70~ in the buffered-substrate solution 
(pH 6.0). The optimum temperature for xanthan 
degradation was found to be 50~ with about 10% 
reduction at 45~ and 58~ For assays and sub- 
strate conversions of long duration, 45~ was used 
to ensure a longer period of activity. At this temper- 
ature, reaction mixtures remained active for several 
days. 

Tests for optimum pH of activity were carried 
out over the range of 4-9. Xanthanase was most 
active at the pH of maximum stability; i.e., pH 5.8; 
activity dropped sharply below pH 4.8 and above 
pH 6.5 (data not shown). 

Fig. 3 shows a typical progress curve for high- 
temperature xanthanase activity when measured 
over a period of 6 h. Loss of viscosity and release of 
reducing power occur inversely. Actually, product 

formation during the first 60 rain was most rapid, 
after which the curve flattened out. This plateau 
represents about 6% conversion of substrate (in 
terms of total carbohydrate content). Rapid degra- 
dation by the enzyme(s) of the HMW product reco- 
vered at this stage suggests some form of inhibition 
by the products. 

The amount of NaC1 that high-temperature xan- 
thanase tolerated is depicted in Fig. 4. Enzymic 
analyses were performed at salt concentrations up 
to 10%. Activity gradually diminished over that 
range with 40% of the maximum activity still re- 
maining in 10% salt. Magnesium and calcium chlo- 
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Fig. 4. Effect of added NaCI on activity of high-temperature 
xanthanase. Activity measured as reducing power (6 h, 45~ 

0.025 M buffer, pH 6.0, substrate: 1 mg/ml). 



rides were also tested at 1% concentrations; neither 
of these salts affected enzyme activity (data not 
shown). 

Characterization of LMW products 
Thin-layer chromatography of the LMW frac- 

tion revealed three spots: pyruvated mannose 
[4,6-O-(1-carboxyethylidene)-D-mannose] and two 
oligosaccharides. Both oligosaccharides were 
O-acetylated, but one displayed an intense short- 
wave UV absorbance characteristic of ene-4,5- 
uronic acids. A positive thiobarbituric acid test and 
UV absorption spectra identical to those published 
[6] accorded with this conclusion. When a portion 
of the fraction was reduced with NaBH4, hydro- 
lyzed, and then examined by GC as a mixture of 
per-O-acetylated aldononitrile (PAAN) and alditol 
acetate derivatives, a 1:1 ratio of glucose/mannose 
was obtained. Half of the glucose and a quarter of 
the mannose were reduced. Because the original 
xanthan gum substrate bears pyruvic acetal substi- 
tuents on about half of the side chains, this result 
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suggested an equimolar mixture of pyruvated man- 
nose, pentasaccharide and unsaturated tetrasaccha- 
ride. This mixture probably was derived through a 
lyase that removed terminal pyruvated mannosyl 
residues and a hydrolase that cleaved one of the 
backbone/%(1-,4)-D-glucosyl linkages. Uronic acid 
residues would not be detected by the procedure 
unless the carboxyls were reduced. 

Methylation analysis (Table 1) of the fraction, 
following reduction of carboxyls with ethylene ox- 
ide and NaBD4 [10], revealed that both oligosac- 
charides were branched. The glucose residue repre- 
senting the glucuronic acid of the pentasaccharide 
was identified by the presence of two deuterium 
atoms on C-6 of a PAAN derivative. The branch- 
point glucose residues were identified by the pres- 
ence of a single deuterium atom on C-1 of 3,4-di-O- 
acetyl-tetra-O-methyl-D-glucitol, which also repre- 
sents the reducing end groups. Pyruvated mannose 
was represented by the 4,6-di-O-acetyl-tetra-O- 
methyl-D-mannitol-l-d derivative. Molar ratios of 
the various methylated components agreed closely 

Table 1 

Methylation analyses of deuterio-reduced oligosaccharide products of  high-temperature xanthanase 

Methylated Mol ratios in oligosaccharides 
componenff 

Carboxy-reduced mixture b Mixture c Isolated 

Found Calc. a Found Calc. d A B 

2,3,4,6-Glc 2.0 2 2.0 2 1.0 1.0 
2,3,4,6-Man 0.9 1 0.9 1 1.0 e 1.0 
2,3,6-Glc(6-d2) 1.1 I 
3,4,6-Man 1.8 2 1.8 2 0.9 
1,2,5,6-Glc OH(l-d)  2.3 2 2.2 2 1.0 1.1 
1,2,3,5-Man OH(l-d)  f 1.2 1 

2,3,4,6-Glc = 2,3,4,6-tetra-O-methyl-D-glucose, etc. After hydrolysis of per-O-methylated products, free sugars were analyzed by 
GC-MS as per-O-acetylated aldononitriles, and alditols as di-O-acetates. 

b Glucuronic acid carboxyls reduced with ethylene oxide-NaBD 4. 
c Carboxyls not reduced; pyruvated mannose removed by gel filtration. 
d Mole ratios expected for unimolecular mixture of  unsaturated tetrasaccharide A, pentasaccharide B and pyruvated mannose (where 

present). 
e Ene-4,5-D-glucopyranosyluronic acid end group removed prior to methylation. 
f Derived from free 4,6-O-(1-carboxyethylidene)-D-mannose. 
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with ratios calculated for oligosaccharides A and B 
(below) and pyruvated mannose in an equimolar 
mixture. 

ene-4,5-GlcAfl2(OAc6) MancO (Glcfl4) Glc (A) 

Manfl4GlcAfl2(OAc6)Manet3(Glcfl4)Glc (B) 

The oligosaccharides were separated from pyru- 
vated mannose, but not from each other, by aque- 
ous column chromatography on Bio-Gel P-2. 
Methylation analysis (Table 1) of the mixture, 
which was reduced with NaBD~, accords with an 
equimolar ratio of A:B. This result was confirmed 
by analyses of  the oligosaccharides separated by 
HPLC. It is apparent from the analysis listed in Ta- 
ble 1 that the acid-labile, unsaturated uronic acid 
residue of A had been removed to form a branched 
trisaccharide (C): 

OAc6Mane3(Glcfl4) Glc (C) 

Characterization of  the H M W  fraction 
The fraction of the enzymic digest retained by a 

PM-10 membrane filter contained O-acetyl substi- 
tuents, but no pyruvic acetal. Its UV spectrum was 
similar to that given by the mixture of  oligosaccha- 
rides. Prior to methylation, the fraction was re- 
duced with NaBD4 in order to label the reducing 
end group and also to prevent alkaline elimination 
of a side chain. The carboxyl groups were not re- 
duced. Table 2 lists the methylation analysis, which 
agrees closely with structure D (below) that consists 
of three trisaccharide and two unsaturated disac- 
charide side chains appended to a backbone chain 
having two additional unsubstituted f i - ( l~4)-  
linked glucosyl residues. The lower than expected 
value for 2,5-di-O-acetyl-3,4,6-tri-O-methyl-D-man- 
nononitrile is attributed to resistance of the aldobi- 
uronic acid linkage to hydrolysis. 

Glcfi-4Glc/~-[4Glc/3-4Glcfi-4Glcfl-4Glc/3]2 -4Glcfl-4Glc 
31 31 31 

OAc-6Man~ OAc-6Man~ OAc-6Man~ (D) 
21 21 21 

GlcAfl ene-4,5-GlcAfl GlcAfl 
41 4[ 

Manfl Manfi 

Table 2 

Methylation analysis of the deuterio-reduced HMW product of 
high-temperature xanthanase 

Methylated 
component a 

Mol ratios 

F o u n d  Calc.  b 

2,3,4,6-Glc 1.0 I 
2,3,4,6-Man 3.2 3 
2,3,6-Glc 6.2 6 
3,4,6-Man 3.0 5 
2,6-Glc 3.9 4 
1,2,5,6-Glc OH(l-d) 0.8 1 

a 2,3,4,6-Glc = 2,3,4,6-tetra-O-methyl-D-glucose, etc. After hy- 
drolysis of the per-O-methylated product, free sugars were 
analyzed by GC-MS as per-O-acetylated aldononitriles, and 
the glucitol as the di-O-acetate. 

b According to structure D (see text). 

In the above structure (calculated K + salt MW 
4600), the locations of additional main-chain 

glucosyl residues are not known. A similar excess of 
unsubstituted glucosyl residues was noted by Suth- 
erland [13] in a product from another type of xan- 
thanase. 

DISCUSSION 

Bacterial xanthanases described prior to 1982 
[3,6,11,12] were sensitive to salt concentrations 
> 0.3 M and temperatures above 30~ These extra- 
cellular enzyme mixtures appear, from a consider- 
ation of the products, to consist primarily of a lyase 
that removes terminal pyruvated mannose residues 
and a fl-(1-,4)-D-glucanase that cleaves the back- 
bone chain of xanthan gum to give linear oligosac- 
charides that contain either terminal mannose or 
ene-4,5-D-glucuronic acid. In 1982 [1] we described 
salt-sensitive and salt-tolerant bacilli from soil en- 
richment cultures that produced exoenzymes hav- 
ing a different action pattern in which all side-chain 
residues were liberated and the component resistant 
to further degradation was primarily (1 ~4)-linked 
D-glucan. This type of  side-chain degradation with 



salt-tolerant isolates was confirmed by Hou  et al. [4] 

whose preparations also degraded the glucosidic 
backbone chain. 

The salt-tolerant xanthanase complex had great- 
er thermal stability than those previously reported. 
Salts enhanced stability; e.g., up to 50~ for 30 min 
in >0.15 M NaC1 [2]. Use as a viscosity breaker for 

hydraulic fracture fluids based on xanthan gum, 
however, requires activity in brines at 60-70~ Ac- 
cordingly, soil samples were screened for both salt- 
and thermal-tolerant xanthanase producers. Even 

though this type of screen was successful at 45~ a 
mixed culture was obtained that displayed salt tol- 
erance and activity in the desired temperature 
range. The culture required the presence of  0.5% 
salt for growth on xanthan gum as the sole source 
of carbon. Individual isolates alone or combined 
failed to produce xanthanase activity. Although 

slow-growing and difficult to cultivate on agar 
media, the mixed culture was easily propagated in 
shaken flasks. 

It  is clear from an analysis of  the enzymic prod- 

ucts that high-temperature xanthanase comprises 
two activities. One is a lyase that catalyzes the elim- 
ination of pyruvated mannose residues with forma- 
tion of an ene-4,5-D-glucopyranosyl uronic acid. 
The other activity is a hydrolase that cleaves the 
fl-D-glucosyl linkages of  backbone residues bearing 
side chains to yield branched oligosaccharides. With 
this finding, enzymic cleavages of all glycosidic link- 
ages in xanthan gum have been demonstrated. 
High-temperature xanthanase is active on carboxy- 
methyl cellulose as are the xanthanases that attack 

the other backbone linkage. The gradual decrease 
in viscosity that parallels release of  reducing power 
suggests an exo-type of backbone cleavage. At pre- 
sent, it is not known whether removal of  pyruvated 
mannosyl residues occurs after release of  oligosac- 
charides. Isolation of  a completely depyruvated 
H M W  fragment, however, indicates that the lyase 
can attack the intact polysaccharide. 

This work has shown the potential for use of  the 
enrichment culture technique to obtain depolym- 
erases active on microbial polysaccharides in brines 
at elevated temperatures. In retrospect, the various 
enzymes obtained by this technique have given lin- 
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ear and branched oligosaccharides that confirm the 

chemically determined structure of  xanthan gum. 
Excess backbone glucosyl residues present in H M W  
enzymolysis products, however, suggest a biosyn- 
thetic irregularity not apparent  from chemical stud- 
ies. 
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