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BACKGROUND OF THE INVENTION

-

- This invention relates to polysaccharide polymers. In
particular, it relates to xanthan-based polysaccharide polymers,
defined herein as polymers structurally similar to xanthan gum and
produced by components of the xanthan biosynthetic pathway,
including those xanthan-based polymers modified so that the outer
mannose can be specifically acetylated but not pyruvylated, -
pyruvylated but not acetylated, or unmodified while the inner
mannose can be independently controlled to be acetylated or
unquified.

Xanthan gum is produced by bacteria of the genus Xanthomonas,

in particular by microorganisms of the species X. campestris.
Xanthan gum is a widely used product due to its unusual physical
properties, i.e., its extremely hiéh specific viscosify and its
pseudoplasticity. It is commonly used in foods as a thicﬂéning
agent and in secondary or tertiary oil recovery as a mobiiity
control and profile modification agent, as well a in petroleum
drilling fluids.

Chemically, xanthan gud is an anionic heteropolysaccharide;
The repeating unit_of-the polymexr is’a pentamer composed of five
sugar moieties, specifically two glucose, one glucurénic acid and
two mannose moieties. These sugar residues are arranged such that
the glucose molieties form ﬁhe backbone of the polymer chain, with
side chains of mannose-glucuronic acid-mannose residues generally
extending from alternate glucose moieties. Usually, this basic
structure is specifically acetylated and pyruvylated, as
described, for example, by Janson, P.E., Kenne, L., and Liﬁdberg,
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3., in Carbohydrate Research, 435:275-282 (1975) and Melton, L.D.,
_ Minot, L., Rees, D.A., and Sanderson, G.R., in Carbohydrate
Research, 46:245-257 (1976), each of which is specifically
incorporated herein by reference. The extent of acetylation and
pyruvylation is known to vary. The structure of xanthan gum is

depicted in formula I below:

In séite of the broad utility of naturally-occurring xanthan
gum, there are some situations where its physical properties
becoﬁe limiting. 1In particular, in secondary or tertiary oil
recovery it is not uncommon for the temperature of ﬁhe oil bearing
reservoir and the salt concentrations in the reservoir brine to be
'higher than are optimal for xanthan solutions. When these
conditions occur, xanthan can precipitate, flocculate and/or lose
its viscosity. Therefore, new viscosifying products which perform

well at various conditions encountered during oil recovery, such
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as high temperature and high salt concentrations would be
desirable.

The present invention discloses a family of xanthan-based
polysaccharides having improved properties relative to naturally- '
occurring xanthan gum. Modifications of xanthan gum have been
previously described. For example, Bradshaw et al. (Carbohydrate
Polymers, 3:23-38 (1983)) describe methods for preparing
chemically~modified xanthan gum which is deacetylated or

depyruvylated. Various means of chemically deacetylating xanthan

gum produced by Xanthomonas campestris also are described in U.S.

Patent Nos. 3,000,790 and 3,054,689. To date, the predominant
method utilized for these deacetylation processes has been
chemical removal of the acetate moieties from normally acetylated
xanthén'gum. It has been found that chemical processes for
deacetylating xanthan gums result in a number of undesirable side
effects and may cause hydrolysié of the glycosidic backbone,
resulting in an irréversible'change in thg conformation of the
molecule and lowered molecular weight.

Xanthan gum can be chemically depyruvylated as well, as
described by Holzwarth and Ogletree in Carbo. Res. 763:277-280
(1979). This chemical method of depyruvylation also can alter the
xanthan polymeric unit and/or cause hydrolysis of the glycosidic
backbone. While a strain of X. campestris has been described in
U.S. Patent No. 4,296,203 which produces non~pyruvylated xanthan
guﬁ, this non-pyruvylated gum was either fully acetylated or

deacetylated using chemical means.

-

This Sheet Has Been Replac

M



An object ot the present invention is to provide a family of
polysaccharidé.xanthan polymers in which the inner mannose is
acetylated or unmodified while the outer mannose ié acetylated,
pyruvylated or unmodified.

It is also an object of the present invention to provide an

in witro method for obtaining these products and microorganisms
having the ability to produce members of. this family of
polysaccharide polymers in vivo. A further object of the present
invention is to provide processes for éreparing members of this
family of polysaccharides by aerobically fermenting microorganisms
having the ability to produce the various polysaccharide polymers.

Additional objects and advantages of the invention will be
set forth in part in the description which follows, and in part
will be obvious from the description, or may be lgarned by
practice of the invention. The objects and advantages may be
réalized and attained by means of the instrumentalities and
combinations particularly pointed out in the appended claims.

SUMMARY OF THE INVENTION

To achieve the objects and in accordance with the purposes of
the invention, as embodied and broadly described herein, there is
provided a composition comprising a polysaccharide polymer having
a D-glucose: D-mannose: D-glucuronic acid ratio of about 2:2:1,
wherein the D-glucose moieties are linked in a beta-{1,4}
configuration, inner D-mannose moieties are linked in an alpha-
{1,3] confiquration, generally to alternate glucose moieties, the

D-glucuronate moieties are linked in a beta-{1,2] configuration to
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the inner mannose moieties and outer mannose moieties are linked
to the D~-glucuronate moieties in a beta-{1,4] configuratién.

To further achieve the objects and in accordancé with the
purposes of the present invention, there is provided a composition
comprising xanthan gum wherein the inner mannose moieties are
acetylated at the 6-0 position. Another structure contehplates
both the inner and outer mannose moieties being acetylated. &
further structure is provided having a portion of the outer
mannose moieties pyruvylated at the 4-3 position and a portion
acetylated. BAnother structure is provided with the outer mannose
moieties pyruvylated at the 4-6 position and the inner mannose
moieties acetylated at the 6-0 position. Two additional
structures are provided, one having the outer mannose moieties
pyruvylated at the 4-6 position and the other having the outer
mannose moietieg acetylated.

. This invention also contemplates processes for the production
of the polysaccharide polymers described above. The
polysaccharide polymers of this invention can be made generally by
genetic manipulations of the microbial biosynthetic pathways which
lead to thé production of polysaccharides. In particular,
microbial pathways for the production of xanthan gum may be
manipulated to create an in vivo or ;g,giggg_system for the
production of an altered polymeric unit. Thus, systems can be
_created through the use of mutated Acetylase I, Acetylase II and -
Ketalase genes, in particular, to create polysaccharides which are

acetylated or pyruvylated to varying degrees.
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It is understood that both the foregoing general description
and the following detailed description are exemplary and
explanatory only and are not restrictive of the invention, as
claimed. The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate various
embodiments of the invention and, together with the description,
serve to explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure la shows the BamHI restriction map of a 16 kb region
of the chromosome of X. campestris that contains a cluster of
twelve genes required.for biosynthesis of xanthan and also sﬁows
the approximate locations of these twelve genes relative to the

BamHI restriction map.

Figure 1lb shows some restriction sites in and around genes F

and G and the DNA sequence at the junction of genes F and G.

Figure 2 depicts the construction of a deletion mutation

(delCla) within gene F of the gum gene cluster.

Figure 3a shows the structure of plasmid pl3delCla derived
from pRK290-H336 by in vivo insertion of transposon TnK12 into the
vector portion of PRK290-H336 in the approximate location shown in

the figure and the subsequent deletion as described in Figure 2 of

the 660 base pair Clal DNA fragment within gene F,
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Figure 3b shows the structure of plasmid pH336KBmldelCla
which is similar in structure to pl3delCla, containing the same
660 base pair deletion within gene F. This plasmid contains an
insertion mutation (KBml) at the BamHI site within gene G. The
DNA fragment inserted there is a BamHI restriction fragment

carrying the kanamycin-resistance gene of plasmid pUC4-K.

Figuré 4 depicts the chenmical structure,'and a schematic
representation, of the repeating unit of the polytetramet variant
of xanthan gun. |

Figure 5a shows the structure of plasmid pHA3RBm2delCla
_derived from pRK290-HA3 which is identical to pRK290-H336 except
that it does not contain the 1.4 kb and 1.5 kb BamHI fragments of
the X. campesgtris gum biosynthetic operon DNA and therefore lacks
genes B and C but contains genes D through M. pHA3KEm2delCla
contains the gene.F deletion mutation described in Figure 2 and an
insertion mutation in the BamHI site of gene I. The inserted DNA
is again a BamHI restriction fragment of pCU4-K which carries a

gene conferring kanamycin resistance.

Figure 5b shows the extent of a chromosomal deletion mutation
present in X. campestris strain X1106 with genes D through M being
deleted, while B and C are intact and functional in the

chromosonme.
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Figure 6 depicts schematic representa;;ons of the structures
of repeating units of the polysaccharides produced by wild-type X.
campestris and mutants defective in genes F, G, or L and all
possible combinations of mutations in genes F, G, and L.
Abbreviations used are: G = glucose; M = mannose; GA = glucuronic

acid; Ac = acetate; Pyr = pyruvate.

DETAILED DESCRIPTION OF THE INVENTION

Reference will now be made in detail to the presently
preferred embodiments of the present invention which, together
with the following examples, serve to explain the principles of
the invention.

The polysacéharide polymers of the present invention have

been described in detail above. These polysaccharide polymers can

be produced in wvitro with a cell-free-enzgme system or can be

produced in vive by growing cells of an appropriate mutant strain.

.Other means of preparing the polysaccharide polymers are also
described below. | |

In Vitro Polgsaécharide Synthesis -

The basic method relating to the use of a cell-free system to
make non-variant xanthan gum is described by Ielpi, L., Couso}
R.0., and Dankert, M.A. in FEBS Letters 130: 253-256 (1981),
specifically incorporated herein by reference. It has been found
that a modified version of this method may be employed to create
the variant polysaccharides of this invention. ' |

/ | -8 -
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For this novel, modified method, the in vitro cell-free
system'is prepared generally by lysing cells of a microorganism of

the genus Xanthomonas, preferably Xanthomonas campestris, in the

presence of a suitable buffer, preferably including EDTA, and
obtaining the appropriate biosynthetic enzymes which are .able to
subsequently process exogenously added substrates. This general

method for this in wvitro system in described in U.S. Patent

No. 4,713,449 of Vanderslice et al., specifically incorporated
herein by reference.Alternate means of lysis may be used,
including but not limited to sonication, French Pressure cell,
detergent treatment, enzyme treatment and combinations thereof.

Generaily, to produce the variant polysaccharides of the
present invention, a lysate of a microorganism possessing the
enzynmes required to assemble the desired'poiysaccharide.is
incubated with the appropriate substrates, which, depending on the-
gum desired, may include UDP-glucose, GDP-mannose, UDP-glucuronic
acid, acetyl-CoA and phosphoenolpyruvate. The choice of
substrates is dependent on the polysaccharide which it is desired
to produce. For example, a non-acetylated polysaccharide is
obtained by eliminating acetyl-CoA as a substrate. Similarly, a
non-pyruvylated gum is obtained by elminating phosphoenol-pyruvate
as a substrate. Chemical and/or enzymatic treatment of the cell
lysates in order to deélete endogeneous substrates will be evident:
to one skilled in the art.

}n addition, cell-free systems may be created from mutant
organisms deficient in one or more of the enzymes of the xanthan
biosynthetic pathway. Such mutant-derived cell lysates would'“

13
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produce the variant gums described herein, either due solely to
: the.mutation or due to the mutation in combination with a withheld
substrate.

The biosynthetic.process may, in one embodiment, be monitored
by the incorporation of radiolabeled substrates into the polymeric
units. Other methods may also be used to allow identification of
the biosynthetic intermediates that are known to those of..ordinary
skill in the art. In particular, chromatographic methods have
been developed to separate and to ideﬂtify the oligosaccharide
intermediates. These include thin layer chromatography and high-
performance liquid chromatoéraphy.

The cell-free biosynthesis of xanthan has been found to be a
tine~dependent, sequential process that is dependent on the
addition of all three specific nucleotides. The background of
non~-specific incorporation of labeled substrate is minimal and
does not interfere with the detection of the xanthan-specific
polymer in the gum fraction.

The involvement of lipid carriers, specifically isoprenoid
pyrophosphate, has been shown in several polysaccharide
biosynthetic pathways. Additionally, the involvement of
' pyrophosphoryl~linked lipid carrier in xanthan biosynthesis has
been demonstrated. Thus, the xanthan biosynthetic intermediates
have been found to be recoverable in the organic soluble fraction
with these.carrier lipids. The recovered oligosaccharide can
subsequently be freed from the carrier lipid by mild acid
hydrolysis, for example, pH 2 for 20 minutes.at 90’C and
dephosphorylated with alkaline phosphatase for analysis.
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Using these methods for ;eco%ery of intermediate products, it
has been discovered that, under in vitro conditions, certain
lysates of X. campestris mutants will produce non-acetylated or
non~-pyruvylated xanthan gum even in the presence cof all substrates
required for non-variant gum synthesis. In light of the teachings
- herein,’ these methods will enable one skilled in the art to
identify cell lysates which produce other altered polysaccharides.

In Vivd-Polxsagcharide Synthesis

The development of the cell-free synthesis process for the
polysaccharides described above demonstrated that various
Xanthomonas campestris éells have all the enzymes necessary to
synthesize xanthan-based polymers that have the mannose residues
acetylated, pyruvylated or unmodified.

Furthermore, for whole cells to synthesize non-acetylated
xanthan gum, a means of blocking the acetylation of either the
inner or outer mannose during xanthan gum_synthesis would be
required. Additionally, for the whole cells to synthesize non-
acetylated, non-pyruvylated xanthan gum, a means of blocking
xanthan gum synthesis at both the acetylation and pyruvylation
steps would be required. In one embodiment of the present
invention, mutagenesis was employed to alter some of the genes
responsible for these various reactions.

Transposons, including but not limited to Tnl0, TnKl2 (TnlQ
dellédell7RanR), and Tn303, can be used to mutagenize Xanthomonas
campestris. These transposons, in one embodiment, confer
resistance to tetracycline or kanamycin. Transposons have the

ability to insert themselves into genes wherein they cause
: H
{
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mutations by interrupting the coding sequence. The transposons

can be introduced into Xanthamonas campestris on various vectors,

including on so-called suicide vectors, such as pRK2013. Vector
PRX2013, as described by Ditta, G., Corbin, D. and Helinski, D.R.
in Proc. Natl. Acad. Sci. U.S.A., 77:7347-7351 (1980}, '
specifically incorporated herein by reference, has the ability to
transfer itself into non-enteric bacteria, such as Xanthomonas

campestris, but cannot replicate in that host. Thus, if the

suicide vector is introduced into a popplation of Xanthomonas
campestris cells and that population is subsequently challenged
with either tetracycline or ‘kanamycin, the individuals which
survive are those in which one of the transposons has inserted
into the genome of Xanthonomas campestris. Survivors of such a
challenge can be screened for those which have lost the ability to
make xanthan gum. Such mutants may appear less mucoid than mold-
type Xanthonomas campestris.

In other embodiments of the invention, other means of
mutagenesis can be employed to generate mutants that do not
acetylate and/or pyruvylaté the gums they produce. Such means
will readily occur to one skilled in the art, and include, without
limitation, irradiation, recombinant DNA technology (in
particular, as described in United States Patent Application
Serial No. 333,868 of Capage et al., entitled "Recombinant-DNA
ﬁediated Production of Xanthaﬁ Gum,* filed April 3, 1989, and
incorporated specifically herein by reference, and in Example 1
below) and chemical mutagen treatment. Examples of such

mutagenesis procedures have been described by Miller, J.H. in

.,
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Experiments in Molecular Genetics (1972); Davis, R.W., Bostein, D,

and Roth, J.R. in Advanced Bacterial Genetics (1980); and

Maniatis, T., Fritsch, E.F. and Sambrook, J. in Molecular Cloning

(1982}, Cold Spring Harbor.

Alternatively, appropriate mutants can be detected by
assaying the culture broth of each mutant for the presence of the
Aesired polysaccharide, e.g., xanthan gum which has the ouger
mannose acetylated but not pyruvylated, pyruvylated but not
acetylated, both pyruvylated and acetylated or unmodified while
the inner mannose is acetylated.or unmodified. Thus, mutants can
be found which appear to be blocked at various positions of the
xanthan gum pathway. Mutants of Xanthomonas campestris which
produce xanthan gum that is acetylated at the inner mannose and
acetylated at the outer mannose (X1397), aceéylated at the inner
mannose and pyruvylatéd at the ouﬁer'mannose {(X1398), acetylated
at the inner mannose and unmodified at the outer mannose {X1399),
unmodified at the inner mannose with a portion of the outer
mannose moieties pyruvylated and a portion acetylated (X1400),
unmodified at the inner mannose and acetylated at the outer
mannose (X1401), and unmodified at the inner mannose and
pyruvylated at the outer mannose (X1402), and unmodified at the
ihnet mannose and unmodified at the outer mannose (X1403), have
each been placed on depgsif at the American Type Culture
Collection, Rockville, Maryland, under Accession Nos. 68033,
68034, 68035, 68036, 68037, 68038 and 68039, resﬁectively.

It is not beyond the scope of the invention to employ eﬁéyme

inhibitors gf Acetylase I, Acetylase II and Ketalase to arrive at
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the same products. Still other alternatives for producing this
family of polysaccharides are contemplated, including enzymatic
and chemical degradation of natural xanthan gum.

The mutants can be grown under conditions generally known in
the art for growth of wild-type Xanthomonas campestris. For
example, they can be grown on suitable assimilable carbon sources
such as glucose, sucrose, maltose, starchr-complex'carbohydrates
such as molasses or corn syrup, various-organic acids and the
like. Mixtures of carbon sources can also be employed. The
concentration of carbon source supplied is often between 10 and 60
grams per liter. Also necessary for growth are an assimilable
source of organic or inorganic nitrogen, generally between about
0.1 and 10.0 grams per liter, and minerals, the choice of which
are easily within the skill of the art. Examples of suitable
nitrogen sources are ammonium salts, nitrate, urea, yeast extract,
peptone, or other hydrolyzed proteinaceous materials or mixtures
thereof. Examples of suitable minerals.include phosphorus, sulfur,
potassium, sodium, iron, magnesium; these are often added with a
chelating agent such as EDTA or citric acid.

Optimal temperatures for growth of Xanthomonas campestris
generally are between 18 and 35‘C, preferably between about 27‘
and 30‘C. ZXanthomonas campestris cells are grown aerobically by
supplying air or oxygen so that an adequate level of dissolved
oxygen is maintained, for example, above about 10% of saturation.
Preferably, the level is kept above about 20%. The pH often is

maintained at about 6.0 to 8.0, preferably at about 6.5 to 7.5.

B T
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The polysaccharides of the present invention can be recovered
from fermentation broths by a suitable means. Precipitation with
isopropanol, ethanol, or other suitable alcohol readily yields the
polysaccharides of this invention. Generally, alcohols are added
to a concentration of about 50 to 75%, on the basis of volume,
preferably in the presence of potassium chloride, sodium chloride
or other sglt. Alterntively, the polymers caq_be recovered from
the broth by ultra-filtratio;.

Mobility control solutions for use in enhanced 0il recovery
may also be prepared from the variant polysaccharide polymers
disclosed herein. Solutions of the polysaccharide polymers at
concentrations of from about 50 to about 3000 ppm are appropriate
for such mobility control solutions. Other known additives may
also be used in combination with these solutions to further
enhance o0il recovery. Such additives include, for example,
surﬁactanté, alkaline agents or metal or organic crosslinking
agents.

The polysaccharide polymers, like xanthan gum, can also be
used as thickening agents in foods, cosmetics, medicinal
formulations, paper sizing, drilling muds, printing inks, and the
1ike and as a gelling agent. In addition, they can be used to
reduce frictional drag of fluid flow in pipes.

EXAMPL.ES

The following examples illustrate certain of the preferred

embodiments of the present inveﬂtipn. All United States patent .

applications and other references cited in these Examples are
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specifically incorporated herein by reference.
'EXAMPLE 1

This example demonstrates that there are two X.
campestris genes which encode enzymes that catalyze acetylation of
xanthan gum.

Capage et al., U.S. patent application Serial
No. 333,868, described the nucleotide sequence of a 16 kb segment
of X. campestris DNA that contains a gene cluster required for
xanthan gum biosynthesis. Mutations were isolated that
inactivated each of the genes identified by the DNA sequence. The
phenotypes of mutant strains carrying these mutations were
determined. Mutations. in gene ¥ (see Figure la), caused by
transposon insertion, resulted iq production of xanthan gum that
éontained no detectable acetate. Insertion mutations in gene G
did not result in any obvious defect in xanthan gum biosynthesis.
Mutants with gene G defects produced high levels of xanthan gum,
and this gum contained all of the normal constituents of xanthan
in approximately normal molar ratios. On the basis of these
initial results, it was concluded that gene F encoded an enzyme
that catalyzed the known acetylation of the inner mannose of
xanthan, while the activity of the gene G protein remained
ﬁnknown.

However, when the DNA sequence was used to predict the
amino-acid sequences of the products of genes F and G (gpF and
gpG) ., these proteins were found to have extensive homology to one
another. This finding indicated that the functions of gpF and gpG
might be similar. The phenotypes of mutants defective in gene G

.
§
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were subsequently reexanined, and the compos;tlons of xanthans
produced by these mutants were precisely quantitated. These data
showed a small (5%-10%) but significant decrease in the acetate
content of gum produced by G mutants as compared to wild-type X.
campestris. Therefore further experiments were performed to
determine what role gpG might have in acetylation of xanthan.

The ﬁyéothesié that gpG normally directs 10% of the
acetylation of xanthan gum was seemingly contradicted by the
obsexrvation that transposon insertion mutations in gene ¥ resulted
in eiimination of acétylation. Clearly, these mutant gums did not
retain 10% of the normal acetate content. However, it was
possible that insertions in gene F reduced or eliminated the
expression of gene G as a result of so-called "polar* effects.
Insertions of Tni0 generally reduce expression éf genes located
downstream, in terms of transcription, from the insertion site as
reported by Kleckner, N. et al., in J. Mol. Bio. 97:561-575
{(1975). Moreover, the reduction can be quite severe in instances
where the downstream gene is "translationally coupled® to the gene
contaihing the insertion mutation as reported by Oppenheim, D.S.
and Yanofsky, C., in Genet. 95:785~795 (1980). Translational
coupling is a phenomenon wherein the translational stop signal of
one'gene overlaps the translational start signal of an adjacent
downstream gene. In some cases where such coupling occurs, the
initiation of translation of the downstream gene is largely or
entirely dependent on termination of translation of the upstream
gene occurring at the coupler. Thus, insertions in the upstream
nember of t?e coupled genes can dramatically reduce, or even

I
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eliminate, expression of the downstream gene because these inserts
invariably cause frame shifting and premature termination of
translation of the upstream gene.

The DNA sequence of the gum gene cluster revealed that
the translational stop of gene F does overlap the translational
start of gene G, i.e., the two are "coupled" (see Figure 1b),.
Moreover, the sequence of the translational initiation signal for
gene G is not particularly strong, which suggests that. the
translational coupling might play a significant role in gene G
expression. To test this hypothesis, a deletion mutation (as
shown in Fig. 2) was constructed within the coding sequence of
gene F. This deletion eliminated 660 base pairs between the Clai
sites witﬁin gene F. The deleted DNA falls entirely within the
EOding sequence of gene ¥, and no foreign DNA is inserted. Thus,
the deletion removés a large portion {approximately 60%) of the
gene but does not alter the reading frame since the number of base
pairs deleted is evenly divisible by 3. Tpe mutant gpF produced
by this deletion mutation (gpFdel) is missing 220 amino acids out
of a total of 364, but the translational start of gene F and the
gene F translational stop, coupled to the start of gene G, remain
unaltered. The elimination ofltwo—thirds of the amino acid
residues of gpF is very likely, although not certain, to result in
elimination of all protein activity. -thus, any residual acetylase
activity from this mutant is most apt to be due to activity of
gpG.

This ClalI deletion mutation was constructed on plasmid
pRK290-H336.13 (Figure 3a) which carries an otherwise wild-type

‘
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gum gene cluster and an insertion of transposon Tnl0 dellé dell?
KanR described by Way et al., in Gene 32:369-379 (1984) and here
termed TnK1l2, located within the vector position of the plasmid.
The TnK1l2 insertion provides convenient drug resistances for
selection of plasmid transfer. The deleted plasmid, termed
pl3delCla, was transferred into the X. campestris Gum~ deletion
strain X1231, which is missing genes B - M, and polysaccharide
produced by the resulting strain X1231(pl3delCla)} was analyzed.
This gum contained a low but significant amount of acetate;
roughly (10-~15)% the amount normally found in wild-type xanthan.
This result indicated that both gpF and gpG are acetylases and
that the bulk of acetylation of xanthan is catalyzed by gpF with a
minor component of xanthan acetylation being catalyzed by gpG.
ﬁowever, it remained a possibility that the low level acetylation
observed in the mutant X1231 (éleelCla) resulted not from the
activity of gpG, but from a residual activity of gpFdel. To
address this issue, a double mutant derivative of plasmid PRK290~
H336 was constructed. As shown in Figure 3b, this double mutant
combined the gene F Clal deletion mutation and an insertion
mutation (KBml) in gene G. The double mutant plasmid
pH336KBm1delCia was transferred into strain X1231, and the
polysaccharidé produced was analyzed. If the low level
acetylation observed in gum produced by-x1231(913delcla) results
from the activity of gpG, then the double mutant
X1231(pH336KBmldelClaj should eliminate gpG activity by virtue of
the insertional mutation in gene G, and no acetylation should be
observed. If, however, the real source of acetylating activity in

/ S =19 -~
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. X1231(pl3delCla) is the mutant gpFdel, the addition of the gene ¢
insertion should not affect acetylation, and the same 10% level
observed in X1231(pl3delCla) should be seen in gum produced by the
double mutant strain. The polysaccharide produced by strain
x1231(pH336KEmldelCla) was found to contain no acetate. This
proved that gpG does catalyze acetylation of xanthan an& that, in
wild-type strains, gpG is responsible for roughly 10% of the..total

acetylation that is obsexved.
EXAMPLE 2

This example demonstrates that the target residue for
acetylation by gpG (but not gpF) is the outer mannose of the
ﬁanthan repeating unit and that this acetylation is enhanced when
pyruvylation of the outer mannose is blocked.

Mutations in gene L (Figure la) of the xanthan
biosynthetic gene cluster were previouély shown to inactivate the
ketalase enzyme which catalyzes pyruvylation of the outer mannose.
Muténts lacking gplL activity produce xanthan gum devoid of
pyruvate. However, initial studies of such mutants revealed that
these non-pyruvylated polymers contained unusually high levels of
acetate, generally “f 0.8 acetate/maﬁnose. Thus, the outer
mannose can be efficiently acetylated when pyruvy}ation is
genetically blocked and further studies have shown that this
acetylation is catalyzed by gpG and not gpF._

In order to examine the interaction of the two acetylase
genes with the ketalase gene and each other, a set of eight mutant
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strains comprising all combinations of mutations in gene F
(Acetylase I), gene G (Acetylase II), and gene L (Ketalase) were
constructed. The various combinations of mutations were
constructed on plasmid pRK290-H336 which contains the entire gum
gene cluster,

The gene F mutation employed in these constructions is
the in-frame deletion within this gene. As described above, this
deletion eliminates 660 base pairs between the Clal sites located
within gene F. The deleted DNA falls entirely within the coding
sequence of gene F, and no foreign DNA is inserted. Thus, the
deletion removes a large portion (approximately 66%) of the gene
but does not alter the reading frame since the number’ of base
pairs deleted is evenly divisible by 3. The mutant gpF produced
by this deletion mutation (gpFdel) is missing 220 amino acidé out
of a total of 364, but the translational start of F énd its
translational stop coupled to the start of G remain unaltered.
The elimination of two-thirds of the amino acid residues of gpF
was shown above to eliminate gpF activity.

The gene G mutation used in these mutants is an
insertion (KBml) within gene G at a BamHl site that interrupts the
coding sequence of gene G. The inserted DNA is a restriction
fragment containing the 1.3 kb Kanr DNA segment of plasmid pUC4-K
as described by Vieira, J. and Messing, J., in Gene 19:259-268
(1982), which is ultimately derived from the kanamycin resistance
gene.of trahsposon ™903.

The gene L mutations used were of two types. One is an
insertion of transposon TnKl2 within the coding region of gehe L.

{
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The'second type is derived from this insertion by deletion of a 3
kb HindIIX fragment of TnK12 which carries the genes encoding
resistance to kanamycin and streptomycin. In this TnK12 deletion
mutation, an insert of 1 kb of TnK1l2 DNA still remains within the
gene L coding sequence and this results in insertional
inactivation of the gene L product.

The various combinations of these mutationg.wefé
constructed on plasmid pRK290~-H336 using in vitro recombinant DNA
technology. The eight mutant plasmids obtained were then
conjugally transferred from E. coli into X. campestris strain
X1231 which contains the deletion mutation that eliminates the
entire gum gene cluster from the chromosome. The 8 resulting
strains X13%6-X1403 (Table 1) were then analyzed for polymer

production.
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Table 1

Genotype

Strain Acetylase I Acetylase II Ketalase
X1396% + | + +
X1397 + .. ;b
X1398 + © SR
X1399 + € d
X1400 _® + +
X1401 _® + _b
X1402 E c +

e c d

X1403

a wild-type, carries TnK12 insertion within pPRK290
portion of the plasmid

b T™TnK12 insexrtion mutation

€ xan® fragment insertion mutation

d T™TnK1l2 deletion derivative insertion mutation

e in-frame, non-polar deletion mutation
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All strains were grown in 50 ml each FXC-RAH-1 medium at pH 7.0

that contained:

3.2 g/l N-Z-amine AS
1.7 g/l MgSo, . 7TH,0

0.7 g/l KH,PO,

2

40 g/l glucose

18.5 g/l (2-(N-morpholino) ethane sulfonic acid)

5-10 mg/1 kanamycin
1 mg/l Tetracycline (where applicable)
in 300 ml baffled shake flasks. Temperature was maintained at.
30¢C. After approximately 60 hours of incubation, thé culture
broths were diluted with two to four volumes of distilled H,O0 and
the cells removed by centrifugation at 14,000 - 18,000 x g for 30
minutes at 10‘C. Gums were precipitated from the supernatants by
the addition of 2-3 volumes of 2-propancl and collected by
centrifugation using the conditions described previously. The
precipitates were then rehydrated in 100-300 ml of 20 mM NaCl and
the precipitations repeated. The gums were finally rehydrated in
100 ml distilled HZO each. Samples of each were subsequently
dialyzed against 4 1 of distilled H,0 for four days with daily H,0
changes in 12,000 - 14,000 MW cutoff cellulose tubing.
Triplicate samples of each purified gum were then

concentrated 3-4-fold by vacuum drying and hydrolyzed in 2 M

trifluorocacetic acid at 120‘C for 2-1/2 hours. After

neutralization with 1.2 M Na2003, the hydrolysates were filtered

e U
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through 0.45 mim filters and ready for analyéis by high-
performance liqqid chromatography (HPLC).

The analyses were performed using a Béckman HPLC
equipped with an Aminex HPX-87H ion exclusion column (300 x 7.8
mm). Organic acids were detected by ultraviolet absorbance at 214
nm. Refractive index was used to detect neutral sugars. The
column was run isocratically with 0.01 N H,80, as the mobile phase
at a flow rate of 0.6 ml/minute at 45°C.

N The molar ratios of the components in each hydrolysate
were calculated using a series of calibration curves based on peak
areas for each sugar and organic acid.

fhe molar ratios of acetate and pyruvate to.mannose are
shown in Table 2. '
Table 2

Molar Ratios of Acetate and Pyruvate to Mannose

, Acetate/ Pyruvate
Strain Acetylase I Acetylase II XKetalase  Mannose Mannose

X1396 + + + 0.66 0.43
X1397 + + _ 1.01 0.00
%1398 + _ + " 0.63 0.36
X1399 + _ _ 0.51 0.00
X1400 - + | + 0.10 0.39
x1401 - + o 0.47 0.00
X1402 - - Tk . 0.00 0.37
X1403 - - _ 0.00 0.00
' - 25 -
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The following key observations about the data presented in

Table 2 can be made.

The 660 bp deletion in gene F inactivated the gene
F protein (Acetylase I}). See X1402 vs X1398.
The gene G protein (Acetylase II) acetylated
xanthan and at a much reduced level compared to
wild-type when Ketalase was active. See

X1400 vs X1396, described in Ex. 4.

If Ketalase was inactivated, acetylation by
Acetylése II increased dramatically (X1400 vs
X1401), described in Ex. 4.

The extent of acetylation by Acetylase I did
not increase in reéponse to the inactivation

of Ketalase. See x1398_vs X1399, described

in Ex. 4.

Pyruvylation did not vary significantly regard-
less of the extent of acetylation. See X1396,

X1398, X1400, and X1402, described in Ex. 4.

These data indicate that the gene G protein (Acetylase

II) catalyzes the acetylation of the external mannose of xanthan.

This appears to occur to a limited extent when Ketalase is active,

but increases dramatically in Ketalase mutants. These data

indicate that pyruvylation blocks acetylation, but the converse is

not true since pyruvylation didn‘t change significantly regardless

¥
L4

- 26 -

This Sheet Has Been R,

T



of the level of acetylation. The gene F protein (Acetylase I)
‘catalyzes the acetylation of the internal mannose only, and
previous data for polytrimer and polytetramer variants of xanthan
U.S. Patent No. 4,713,449 and U.S. Application Serial No. 844,335
have shown that Ketalase catalyzes the pyruvylation of the

external mannose only.
EXAMPLE 3

This example demonstrates that gpG (Acetylase II) does
not catalyze acetylation of the inner mannose of the xanthan
repeating unit.

Gene I of the gum gene cluster encodes Transferase V
(Figure 1), the enzyﬁe that adds mannose to the lifid-linked
tetrésaccharide intermediate in xanthan biosynthesis. This system
is described in U.S. Patent No. 4,713,449. Mutations that
inactivate gene I lead to the synthesis of a lipid-linked
tetfasacéharide. This tetrasaccharide repeating unit is
polymerized to yield polytetramer gum, which contains the internal
mannose in its normﬁl linkages but lacks the outer mannose

normally found on xanthan gum {(Figure 4). A double mutant
' plasmid, pKBm2delCla, was constructed which contains an insertion
mutation within gene I and the Clal deletion mutation within gene

F (see Figure 5). The double mutant plasmid pKBm2delCla was

transferred into the X. campestris deletion strain X1106 which

contains only gum genes B and C in its chromosome. Genes B and C

are provided by the chromosome sinée the mutant plasmid}.derived
‘
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from pRKZQO—H#B, does not carry B or C but contains all the
remaining qum genes, D through M. The resulting strain,

X1106 (pKBm2delCla) or X1419, was analyzed for polymer composition
twice. Both analyses failed to detect acetate in the polymer.
This result shows that Acetylase II cannot acetylate the internal
mannose of the polytetramer to any significant degree. 1In this
mutant strain, Acetylase II is active because gene G is not
mutated and the gene F mutation is the non-polar ClaI deletion

which has been shown above not to affect the expression of gene G.
EXAMPLE 4

This example describes the'repeating units that comprise
the polysaccharide family that can be producéd by genetic control
of acetylation and pyruvylation of the pentasaccharide repeating
unit of xanthan gum. The structures of these repeating units are

shown in schematic form in Figure 6.

(a) Wild-type (X1396); Acetylase I, Acetylase
II+, Ketalase +.

Normal xanthan is extensively acetylated at the inner
mannose residue and is frequently pyruvylated on the outer mannose
residue. Contrary to general belief, a significant percentage
{10-20) of the outer mannose residues of normal xanthan are
acetylated. Thus, normal xanthan repeating units are
heterogeneous with respect to modifications of the outer mannose,

containing .either pyruvate oxr acetate.
$
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(b) L (X1397); Acetylase 1%, Acetylase II°,
Ketalase .
This polymer contains no pyruvate and as a result is
extensively acetylated at the outer mannose residue. The inner

mannose residue is highly acetylated as in wild type.

(¢) G (X1398); Acetylase 1%, Acetylase I1I~,
Ketalase® .

This polymer is heavily acetylated on the inner mannose
. as in wild type, and the outer mannose is pyruvylated in the wild-
type fashion. However, there is no acetylation of the outer
mannose. _

(d) G-, L~ (X1399); Acetylase I', Acetylase

II~, Ketalase . _ |
This polymer has the high level wild~type acetylation of

the inner mannose, but the outer mannose .is unmodified.

(e) F~ (X1400); Acetylase I, Acetylase 11+,
Ketalase .

The inner mannose of this polymer is umnmodified, while
the outer mannose is modified as in wild-type. That is, the outer
mannose in generally pyruvylated, but a significant fraction of

the outer mannose residues are acetylated instead.

(£) F, L~ (X1401); Acetylase I~, Acetylase

ey
1] Al
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II+, Ketalase .

This polymer contains an unmodified inner mannose. The outer

mannose is not pyruvylated but is heavily acetylated.
(g) F~, G7 (X1402); Acetylase I , Acetylase
I1~, Ketalase .

This polymer is not acetylated at either the inner-or outer
mannose residues. Pyruvylation of the outer mannose occurs
normally as in wild-type.

(h) F , G, L~ (X1403); Acetylase I,
Acetylase 11~ , Ketalase .

This polymer contains no acetate or pyruvate. Neither the
inﬁer nor the outer mannose residues are modified.

It will be apparent to those skilled in the art that various
modificatiohs and variaéions can be made in the processes and
products of the present invention. Thus; it is intended that the
present invention cover the modifications and variations of this
invention provided they come within the scope of the appended

claims and their equivalents.
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CLAIMS -

1. A composition'comprising a water;soluble polysaccharide
polymer having a D-glucose:D-mannose:D-glucuronic acid ratio of
about 2:2:1, wherein the D-glucose moieties are linked in a beta-
[1,4] configuration, inner D-mannose moieties are linked in an
alpha-{1,3] configuration generally to alternate glucose moieties,
the D-glucuionic acid moieties are linked in a beta-[1,2]
configuration to said inner mannose moieties, and outer mannose
moieties are linked to said glucuronic acid moieties in a beta-
[1,4]) configuration.

2. The composition of claim 1, wherein said inner mannose
noieties are acetylated.

3. The composition of claim 2, wherein said outer mannose
moiéties are acetylated.

4. The composition of claim 1, wherein a portion of said
outer mannose moieties are pyruvylated and the remainder are
acetylated. |

5. The composition of claim 2, wherein substantially all of
‘said outer mannose moieties are pyruvylated.

6. The composition of claim 1, wherein said outer mannose
moieties are pyruvylated.

7. The composition of claim 1, wherein said outer mannose
moities are acetylated.

. 8. A process for preparing the polysaccharide polymer of
claiﬁ 1 comprising:

indculating a suitable growth medium with a

microorganism of the genus Xanthomonas which is capable of

i
f
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synthesizing the polysaccharide pdlymer of claim 1 that is non-
acétylated at the inner mannose and is non-acetylated and non-
pyruvylated at the outer mannose, and
incubating said inoculated growth medium at a suitable
temperature, pH and dissolved oxygen level for a time sufficient
to produce the polysaccharide polymer of claim 1.
S. A process for preparing the polysaccharide polymer of
claim 2 comprising:
inoculating a suitable growth medium with a
microorganism of the genus Xanthomonas which is capable of
synthesizing the polysaccharide polymer of claim 2 that is
acetylated at the inner mannose and is non-acetylated and non-
. pyruvylated at the outer mannose, and
incubating said inoculated growth medium at a suitable
temperature, pH and dissolved oxygen level for a time sufficient
to produce the polysaccharide polymer of claim 2.
10. A process for preparing the polysaccharide polymer of
claim 3 compfising:
inoculating a suitable growth medium with a
microorganism of the genus Xanthomonas which is capable of
synthesizing the polysaccharide polymer of claim 3 that is
acetylated at the inﬁer mannose and is acetylated and non-
pyruvylated at the outer mannose, and
.incubating said inoculated growth medium at a suitable
temperature, pH and dissolved oxygen level for a time sufficient
to produce the polysaccharide polymer. of claim 3.

.
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11. A process for preparing the polysaccharide polymer of
claim 4 comprising:
inoculating a suitable growth medium with a
ricroorganism of the genus Xanthomonas which is capable of
synthesizing the polysaccharide polymer of claim 4 that is non-
acetylated at the inner mannose and is acetylated and pyruvylated
at the outer mannose, and
incubating said inoculated growth medium at a suitable
temperature, pH and dissolved oxygen level for a time sufficient
to produce the polysaccharide polymer of claim 4.
12. A process for preparing the polysaccharide polymer of
claim S comprising:
inoculating a suitable growth medium with a
nicroorganism of the genus Xanthomonas which‘is capable of
synthesizing the polysaccharide polymer of claim 5 that is
acetylated at the inner mannose and is pyruvylated but non-
acetylated at the outer mannose, and
incubating said inoculated growth medium at a suitable
temperature, pH and dissolved oxygen level for a time sufficient
to produce the polysaccharide polymer of claim 5.
13. A process for preparing the polysaccharide polymer of
claim 6 comprising:
| inoculating a_suitable growth medium with a
microofganism of the genus Xanthomonas which is capable of
synthesiziné the éolysaccharide polymer of claim 6 that is non-
acetylated at the inner mannose and is pyruvylated but none-

acetylated at the outer mannose, and

.
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incubating said "inoculated growth medium at a suitable
temperature, pH and dissolved oxygen level for a time sufficient
to produce the polysaccharide polymer of claim 6.

14. A process for preparing the polysaccharide polymer of

claim 7 comprising:

inoculating a suitable growth medium with a
microorganism of the genus Xanthomonas which is capable of
synthesizing the polysaccharide polymer of claim 7 that is non-
acetylated at the inner mannose and is acetylated but not
pyruvylated at the outer mannose, and

incubating said inocﬁlated growth medium at a suitable
temperature, pH and dissolved oxygen level for a time sufficient
to produce the polysaccharide polymer of claim 7.

15. The procéss of claim 8, wherein said microorganism is a
Ketalase, Acetylase I, and Acetylase II deficient mutant of
Xanthomonas campestris.

16. The process of claim 9, wherein said microorganism is a
Ketalase and Acetylase II deficient mutant of Xanthamonas

canpestris.

17. The process of claim 10, wherein said microorganism is a

Ketalase deficient mutant of Xanthomonas campestris.
| 18. The process of claim 11, wherein said microorganism is
an Acetylase I deficient mutant of Xanthomonas campestris.
19. The process of claim 12, wherein said microorganism is
an.Acetylase II deficient mutant of Xanthomonas campestris.
20; The process of claim 13, wherein said microorganism is
an Acetylase I and Acetylase II deficient mutant of X campestris.

.
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