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D-Galacturonic acid 1-phosphate was found to be one of the products formed
during hydrolysis of the cell wall lipopolysaccharide of Xanthomonas campestris in
0.01 N acetic acid at pH 3.3. The molecule was shown to consist of equimolar
amounts of D-galacturonic acid and phosphate. Resistance to borohydride reduc-
tion before, but not after, treatment with Escherichia coli alkaline phosphatase
indicated that the phosphate group is attached to carbon-1 of the galacturonic
acid. The presence of an additional phosphate group in the heteropolysaccharide
of the cell wall lipopolysaccharide was also demonstrated. This phosphate group
was considerably more resistant to acid hydrolysis than was the phosphate asso-
ciated with the galacturonic acid. It is suggested that the more resistant phosphate
is attached to either mannose or glucose, or to both.

Volk (14) hypothesized that the structure of
the heteropolysaccharide portion of Xanthomonas
endotoxin is different from the structure of the
polysaccharides occurring in members of the
Enterobacteriaceae in that the Xanthomonas poly-
saccharide does not contain heptose. Heptose
phosphate has been shown to provide the basic
core of the lipopolysaccharide (LPS) occurring
in the cell walls of the enteric bacteria, and it is
from this core that the nonphosphorylated sugars
branch off to form the remainder of the complex
heteropolysaccharide which is responsible for the
serological type of a bacterium (9, 10, 11, 12,
15). It is generally assumed that all gram-nega-
tive bacteria possess this very toxic lipopoly-
saccharide as a component of their cell walls,
but no extensive study has been carried out on
organisms not containing heptose in this poly-
saccharide.

The present report provides data which sup-
port the proposal that galacturonic acid is bound
to the LPS of Xanthomonas campestris through
an acid-labile phosphate ester. The isolation and
identification of D-galacturonic acid 1-phosphate
from the partial hydrolysis of the LPS provide
support for this theory.

MATERIALS AND METHODS

Xanthomonas campestris was either grown as de-
scribed elsewhere (14) or was obtained from the
Grain Processing Company, Muscatine, Iowa.

Acetone powders were prepared from washed cells,
and, prior to the extraction of the cell wall LPS,
the acetone powders were suspended in distilled water
(19, by weight) and stirred for at least 1 hr. After
centrifugation, this step was repeated, resulting in the
liberation of considerable protein. Electron micro-
graphs showed that essentially all of the cells were
ruptured.

Descending chromatography was done on What-
man %1 paper by use of the following solvent sys-
tems: A, pyridine-ethyl acetate-acetic acid-water
(5:5:1:3); B, ethyl acetate-acetic acid-water (3:1:3);
C, amyl acetate-acetic acid-water (3:3:1); D, pyri-
dine-ethyl acetate-water (20:72:23); and E, n-buta-
nol-pyridine-0.1 N HCl (5:3:2). Paper electrophore-
sis was performed in pyridine-acetic acid-water
(5:2:43), pH 5.3, at 50 v cm™! by use of a model D
high-voltage electrophorator (Gilson Medical Elec-
tronics, Middleton, Wis.). Free sugars were visualized
with a AgNO; dip (3), and phosphorylated com-
pounds were visualized by use of the technique of
Runecles and Krotkov (13).

Inorganic phosphate was determined by the method
of Ames and Dubin (1), and total phosphate was de-
termined by the same method after ashing. Galac-
turonic acid was assayed by the borate-carbazole
assay (8). In cases where it was necessary to determine
free galacturonic acid in the presence of bound galac-
turonic acid, the mixture was chromatographed on
paper using solvent C, and the free galacturonic acid
was eluted from the paper after overnight develop-
ment. Authentic 3 - deoxy - D - mannooctulosonate
(KDOQO) was obtained from Dr. Heath as a pentacetyl
methyl ester. This ester was converted to free KDO
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by treatment with 0.2 N NaOH, according to the pro-
cedure of Ghalambor et al. (7). KDO was assayed
by Aminoff’s thiobarbituric acid assay (2) and was
identified by the fact that its migration on paper
chromatography was identical to that of authentic
KDO when solvent E was used. Authentic D-galac-
turonic acid 1-phosphate was obtained from Gilbert
Ashwell. Chromatographically pure Escherichia coli
alkaline phosphatase was purchased as an ammonium
sulfate suspension (Worthington Biochemical Corp.,
Freehold, N.J.). This suspension contained 200 units/
ml, and each unit was defined as liberating 1 pmole
of phosphate permin from p-nitrophenyl phosphate
at 25 C.

Quantitative assays for glucose and mannose were
carried out after the LPS was hydrolyzed in 2 N HCI
for 2 hr at 100 C. The hydrolysate was deionized by
passage through a Dowex-1 acetate column, concen-
trated to dryness under reduced pressure, and dis-
solved in a known volume of water. A sample of this
material was chromatographed overnight by use of
solvent D. Glucose was determined enzymatically
with a glucose oxidase which was purchased as a
glucostat reagent (Worthington Biochemical Corp.,
Freehold, N.J.). The glucose assay was carried out on
the hydrolyzed mixture before chromatography and on
the glucose eluted from the chromatogram to provide
a measure for the effectiveness of the elution tech-
nique. Mannose was determined on the material
eluted from the paper chromatogram, according to
the method of Dische and Shettles (5).

Isolation of the lipopolysaccharides. The washed
acetone powders were extracted with hot 459, phenol
by the method of Westphal et al. (16). The aqueous
phase was dialyzed for 72 hr against running tap
water, partially concentrated under reduced pressure,
and lyophilized. The crude lyophilized LPS contained
a glucan which could be eliminated by enzymatic
hydrolysis with a B-glucosidase. Glucose was the
only sugar solubilized by this treatment. The cellulase
(Worthington Biochemical Corp., Freehold, N.J.)
was prepared by dissolving the commercial prepara-
tion in water (2.5 mg/ml). Before use, the cellulase
preparation was centrifuged at 37,000 X g for 15
min, and the supernatant solution was passed through
a 0.45-u Millipore filter to rid the preparation of any
suspended solids. The LPS was suspended at 5 mg/ml
in 0.05 M citrate buffer, pH 4.0, and the cellulase was
added to yield a final concentration of 0.25 mg of
crude enzyme preparation per mg of LPS. After 8 to
10 hr at room temperature, a second amount of
cellulase, equal to the first addition, was added, and
the reaction mixture was allowed to set overnight.
At this time, the reaction mixture was again dialyzed
against running tap water for 48 hr. Because of the
low pH optimum of the cellulase, no difficulty with
bacterial growth was experienced during the pro-
longed cellulase treatment.

After dialysis, the material was partially concen-
trated under reduced pressure and was then centri-
fuged for 60 min at 96,000 X g in a model L-2 65
centrifuge (Spinco Div., Beckman Instruments, Inc.,
Palo Alto, Calif.) having a type 65 rotor. The resulting
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supernatant fluid was discarded, and the sedimented
LPS was resuspended in distilled water and recen-
trifuged. After the second washing and recentrifuga-
tion, the material was suspended in water and
lyophilized to yield the final purified LPS.

Hydrolysis of lipopolysaccharide. A 1-g amount of
LPS from X. campestris was suspended in 100 ml of
0.01 N acetic acid, and the pH was adjusted to 3.3
by the addition of 2 N acetic acid. The material was
placed in a boiling-water bath for 30 min and was
then cooled in a cold-water bath. The hydrolyzed
material was centrifuged for 60 min at 78,000 X g
in a Spinco model L-2 65 centrifuge having a type 30
angle-head rotor. The clear supernatant fluid was
decanted and was labeled hydrolysate 1. The pellet
was resuspended in 100 ml of 0.01 N acetic acid, pH
3.3, rehydrolyzed for 30 min at 100 C, and centri-
fuged. The supernatant fluid from the centrifuged
material was decanted and was labeled hydrolysate
2. The pellet was suspended in 75 ml of 0.01 N acetic
acid, pH 3.3, and the hydrolysis step was repeated
for a total of four additional times. The supernatant
fluid obtained by centrifugation after each hydrolysis
was assayed for uronic acid to measure cleavage
from the insoluble lipid-glucosamine portion of the
molecule. These results are listed in Table 1.

The supernatant solutions from all six hydrolyses
were pooled, adjusted to pH 8.2 by the addition of 3.0
N KOH, and diluted to a total volume of 1 liter with
distilled water.

Chromatography. Diethylaminoethyl (DEAE) cellu-
lose chromatography was carried out as described by
Osborn (10). The pooled hydrolysates were adsorbed
onto a DEAE-cellulose column (5.6 cm X 35 cm)
which was previously equilibrated with 0.01 M tris-
(hydroxymethyl)aminomethane (Tris) acetate, pH
8.2. The flow rate was 1.5 to 1.7 ml/min, and 17-ml
fractions were collected at 2 C with an automatic
fraction collector. The column was washed with 600
ml of distilled water before starting the gradient
elution. Six liters of a linear gradient (0.02 to 0.60
M) of pyridinium acetate, pH 5.3, were passed through
the column, and fractions were collected as before.
The fractions were assayed for total carbohydrate
content by the phenol-sulfuric acid assay (6). The
results are illustrated in Fig. 1.

The fractions from each of the eight peaks were
pooled, evaporated to dryness under reduced pressure

TaBLE 1. Release of galacturonic acid by repeated
hydrolysis of 1.0 g of LPS at pH 3.3 (see text
for details)

Total umoles of galacturonic acid in

Hydrolysis the centrifuged supernatant fluid
#®1 108
#2 83
#3 70
#4 43
#*5 13
%6 3
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Fic. 1. Phenol-sulfuric acid assays (6) of 1.0-ml
samples of the hydrolysis (at pH 3.3) of 1.0 g of X.
campestris LPS after absorption and elution from a
DEAE-cellulose column (see text for details).

at 40 C, and dissolved in a known volume of dis-
tilled water.

REsuULTS

Table 2 lists the results of the quantitative
assays of each peak collected from the DEAE
cellulose column. As shown, all peaks contained
all of the components of the heteropolysaccha-
ride, i.e., uronic acid, glucose, mannose, and
phosphate. In addition, traces of rhamnose,
which were demonstrated to occur in the complete
LPS at a level of 0.07 umole/mg, were seen in
peaks 3, 4, and S.

All of the uronic acid in peaks 1 and 2 existed
as free unbound uronic acid. Peak 1 contained a
material which reacted with the thiobarbituric
acid assay for KDO and migrated on solvent E
in the same way that authentic 3-deoxy-D-
manno-octulosonic acid migrates with this sol-
vent. On this basis, it would appear that peak 1
contained free unbound KDO. No other free
monosaccharide was found following hydrolysis
at pH 3.3.

Study of the material in peak 7 was of par-
ticular interest because the large amounts of
bound uronic acid and phosphate, as compared
to the much smaller amounts of glucose and
mannose, seemed to indicate a possible covalent
linkage between uronic acid and phosphate.

Evidence for a I-phospho-galacturonic acid
linkage. The data presented in Table 3 show that
phosphate can be liberated by treatment of peak 7
with alkaline phosphatase. Chromatography of
the reaction mixture on solvents A, B, and C and
high-voltage paper electrophoresis demonstrated
that free galacturonic acid was also liberated by
the phosphatase treatment. Neither free glucose
nor free mannose was detected following the
alkaline phosphatase treatment of peak 7.
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The data in Table 4 demonstrate that galac-
turonic acid cannot be reduced with borohydride
until the phosphate group is removed, thus pro-
viding evidence that the phosphate group is
attached to carbon 1 of the galacturonic acid.
Linkage to the anomeric carbon would account
for the marked acid lability of this ester.

The identification of galacturonic acid was es-
tablished by use of a crude uronic acid isomerase
made available by Jean Hickman. This enzyme
converted D-glucuronic acid to p-fructuronic acid
and D-galacturonic acid to D-tagaturonic acid
(4). All other known uronic acids were reported
to be inactive. The formation of tagaturonic acid
from the uronic acid present in the LPS of X.
campestris is shown in Table 5, and this con-

TABLE 2. Quantitative composition of DEAE-
cellulose peaks®

. . |
Peak U;gi?iic Oprﬁg:-lc Ingr%?m Glucose Mannose: KDO
phate phate ‘
i
1 100 12 —_ 6.0 | *¥b 0.7
2 | 110 13.2 — 3.5 6.8 4.9
3 | 2.1 — | 404 32.8 | 80 3.5
4 36.4 | 67 22.6 | 65.6 | 84 5.2
5 17.9 | 43.8 42.6 | 36 2.8
6 3.4 109 — 1.2 10 0.7
7 48.2 | 47.5 — 4.6 7.411.1
8 4.1 6.9 — 2.8 5.6]0.5

« Since only trace amounts of rhamnose were
present in peaks 3, 4, and 5, quantitation of this
sugar was not carried out. All values are expressed
as total micromoles present in the peak.

b Not assayed.

TaBLE 3. Release of inorganic phosphate by treat-
ment of peak 7 with Escherichia coli alkaline
phosphatase®

. . Free
Galacturonate Alkaline  |Inorganic phos- galacturonic

phosphate pres-| phosphatase | phate released s
ent (umoles) (units) (umoles) acuhr:‘coolzse;ed
4.8 2.0 4.6 4.0
2.4 none none none

e A sample of peak 7 was brought to a con-
centration of 0.04 M by the addition of Tris buffer
and was adjusted to a pH of 8.2 by the addition of
3.0 N KOH. To one sample, 2 units of alkaline
phosphatase was added. After 60 min at room
temperature, inorganic phosphate was assayed on
one sample treated with phosphatase and on one
sample not treated with phosphatase. Free galac-
turonic acid was assayed by chromatography of a
sample of the reaction mixture on solvent C for 16
hr. The galacturonic acid was located by develop-
ing guide strips containing known galacturonic
acid. It was eluted from the paper and assayed.
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TABLE 4. Sodium borohydride treatment of peak 7
with and without prior incubation with alkaline

phosphatase®
. Galacturonic acid
Galacturonate Alkaline Temainin
g after
phosr()ha;:glgsr)esent phﬁ‘;‘;z? se borohydride reduc-
H ‘ tion (umoles)
|
4.8 i 2.0 0.27
2.4 ’ none 2.35

e Reaction with alkaline phosphatase was the
same as in Table 3. Subsequent borohydride re-
duction was accomplished by three additions of
0.1 ml of 5% sodium borohydride at 20-min in-
tervals. After 60 min at room temperature, excess
borohydride was destroyed by acidification with
acetic acid.

TABLE 5. Enzymatic isomerization of the galac-
turonic acid present in peak 7¢

Solvent A (cm).Solvent B (cm)

Compound
Galacturonic acid. ... .. 24 18
Isomerase products. ... 24 18
28 27.5
Tagaturonic acid . . .. .. 28 27.5
Fructuronic acid..... .. 31 27.5

« The galacturonate phosphate (2.4 pmoles)
present in peak 7 was brought to a pH of 2.0 by
the addition of 1.0 N HCL. The material was placed
in a boiling-water bath for 30 min, cooled, and
concentrated at 50 C. Sodium borate buffer (0.1
ml of a 0.1 M solution, pH 8.5) was added, and the
pH adjusted to 8.5. A 50-uliter amount of crude
uronic acid isomerase was added, and the tubes
were incubated at 37 C for 60 min. The reaction
was stopped by acidification with Dowex-50
(H*), and boric acid was removed by distillation
as methyl borate. The resulting syrup was dis-
solved in a small amount of water, and was sub-
jected to paper chromatography in solvents A
and B.

version established the isolated uronic acid as
D-galacturonic acid.

After completing the experiments which char-
acterized the 1-phospho-galacturonic acid present
in peak 7, it was found that high-voltage paper
electrophoresis could separate the galacturonic
acid phosphate from all of the other components
in peak 7. The galacturonic acid phosphate in
peak 7 moved in a manner identical to that of
authentic 1-phospho-galacturonic acid and
showed an Rx of 1.7 when compared to authentic
mannose 6-phosphate. Because of the small
amounts of material available and the fact that
the glucose-mannose moiety present in peak 7
was not visualized by either the AgNO; dip (3)
or the phosphate dip (13), information was not
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available concerning the migration of the other
components of peak 7 in the high-voltage electro-
phoresis experiment.

Supporting evidence for the possbility that
galacturonic acid is attached to the LPS through
an acid-labile phosphate ester is shown in Table 6.
These data demonstrate that very mild acid
hydrolysis (0.01 N HCl) will liberate an amount
of phosphate equivalent to the amount of uronic
acid present in the LPS. Other experiments have
demonstrated that, under similar conditions,
0.01 N HCI hydrolysis will liberate essentially all
of the galacturonic acid from the LPS (0.34
umole from a total of 0.39 umole). Since
chromatography and elution of known amounts
of galacturonic acid gave low recoveries, it is
believed that these values represent complete
liberation of uronic acid from the LPS.

DiscussioN

Galacturonic acid is probably attached to the
cell wall lipopolysaccharide of X. campestris
through a phosphate ester. This conclusion is
based on (i) the isolation of D-galacturonic acid
1-phosphate from a mild acid hydrolysis (pH
3.3, 100 C, 60 min) of the intact LPS, and (ii)
the stoichiometric liberation of galacturonic acid
and inorganic phosphate by hydrolysis of the
LPS in 0.01 N HCI at 100 C for 10 min.

Additional evidence for the location of the
phosphate on carbon 1 of the galacturonic acid
was provided by the sodium borohydride reduc-

TABLE 6. Release of inorganic phosphate by hy-
drolysis of the intact LPS from Xanthomonas
campestris in various concentrations of

HCls
Inorganic .
: Total phosphate in
Normality of HCI | Phosbhate n bydrolysate

(umoles/mg of LPS) | (#moles/mg of LPS)

0.01 0.48 0.80
0.05 0.52 0.81
0.10 0.52 0.81
0.20 0.52 0.81
0.50 0.49 0.91
1.0 0.52 0.96

s The LPS (1.0 mg/ml) was suspended in vari-
ous normalities of HCl and was hydrolyzed at 100
C for 60 min. Total and inorganic phosphate of
the supernatant fluid were determined after dis-
carding the insoluble lipid-containing material.
Total uronic acid was determined to be 0.47
wmoles per mg of LPS after the 0.2 N HCI hydroly-
sis. The increase in total phosphate after 0.5 N
and 1.0 N HCI hydrolysis is believed to be a result
of partial solubilization of the lipid moiety of
the LPS.
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tion studies with and without prior treatment
with alkaline phosphatase.

The results of total and inorganic phosphate
analyses after hydrolysis of the LPS with various
concentrations of HCl demonstrate that there are
two different phosphate linkages in this hetero-
polysaccharide. The more acid-labile phosphate
seems to be linked to the anomeric carbon of
galacturonic acid, thus forming a phosphodiester
linkage with the polysaccharide molecule. The
remaining phosphate seems to be in a phospho-
diester linkage with mannose or glucose, or both,
since treatment of the intact LPS with alkaline
phosphatase did not liberate any phosphate. This
latter phosphate linkage may well be analogous
to the phosphate linked to heptose to form the
core structure of the LPS from enteric organisms.

The observation that neither free glucose nor
free mannose was liberated by the alkaline phos-
phatase treatment of peak 7 indicates that these
sugars were not present as simple sugar mono-
phosphates. Since the thiobarbituric acid-react-
ing material present in peak 7 did not migrate
on paper chromatography with either authentic
KDO or the KDO-like material in peak 1, it
seems probable that it is bound to a larger
molecule, i.e., a glucose-mannose complex.
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