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The cell envelope of Salmonella and related organisms contains a complex lipopoly-
saccharide composed of an inner core and an outer region containing the specific sur-
face 0-antigens. The following structure has been postulated for the polysaccharide
of S. typhimurium:'
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Biosynthesis of the core proceeds by successive transfer of monosaccharide resi-
dues from nucleotide sugars to the incomplete lipopolysaccharide.1 The origin of
the repeating oligosaccharide units of the0-antigenic side chains is less well under-
stood. We previously described the incorporation of galactose, mannose, and
rhamnose into 0-antigen repeating units in a mutant of S. typhimurium deficient
in GDP-mannose.2 Similar results have also been:described by Nikaido and
Nikaido3 with a mutant of S. typhimurium lacking TDP-rhamnose and by Robbins4
with wild-type S. anatum. However, in these experiments the nature of the inter-
mediate reactions was not established.
Anderson et al.5 have presented evidence for a lipid-linked disaccharide inter-

mediate in the biosynthesis of cell-wall glycopeptide in Staphylococcus aureus and
Micrococcus lysodeikticus, and our data suggest that analogous intermediates are
involved in synthesis and polymerization of the 0-antigen of S. typhimurium. We
have isolated lipid-linked derivatives of two oligosaccharides, rhamnosyl-galactosyl-
1-phosphate and mannosyl-rhamnosyl-galactosyl-1-phosphate, related to the 0-
antigen repeating units. Our evidence suggests that the trisaccharide-lipid is an
intermediate in formation of polysaccharide chains containing the trisaccharide
repeating units.
These experiments have been carried out with a galactose-negative strain which

contains an incomplete core polysaccharide. Under the conditions used, the
enzymically synthesized polysaccharide is not transferred to lipopolysaccharide but
apparently remains attached through a galactose-l-phosphate reducing terminus
to the lipid acceptor. It is postulated that this lipid-linked polysaccharide is a
precursor of the 0-antigenic chains.

Materials and Methods.-These were as previously described,2 6 including the ga-
lactose-negative strain of Salmonella tryphimurium deficient in UDP-galactose-4-
epimerase, the conditions of growth,2 and the preparation of the cell-envelope en-
zyme fraction. This fraction was routinely sedimented by centrifugation at 40,000
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TABLE 1
INCORPORATION OF MANNOSE, RHAMNOSE, AND GALACTOSE INTO THE CELL

ENVELOPE OF THE MUTANT DEFICIENT IN UDP-GALACTOSE
Radioactive nucleotide Incorporation

sugar added Nonradioactive nucleotide sugar added (momoles)
GDP-mannose-Cl4 None 0.15

UDP-galactose 0.17
TDP-rhamnose 0.19
UDP-galactose + TDP-rhamnose 2.7

TDP-rhamnose-Cl4 None 0.4
it GDP-mannose 0.4

UDP-galactose 1.5
It GDP-mannose + UDP-galactose 3.4

UDP-galactose-C4 None 5.3
cc GDP-mannose 5.6

TDP-rhamnose 8.7
GDP-mannose + TDP-rhamnose 8.0

Each tube contained 0.1 M Tris HCl, pH 8.4, 0.01 M MgCl2, 0.001 M EDTA, and 1.0 mg cell-envelope
protein in a total volume of 0.25 ml. The sugar nucleotides were present in the following concentrations:
GDP-mannose, 0.1 mM; TDP-rhamnose, 0.1 mM; UDP-galactose, 0.12 mM. The specific activity of the
radioactive substrates were: GDP-mannose, 875 cpm/mpxmole; TDP-rhamnose, 500 cpm/mpmole; UDP-
galactose, 450 cpm/mnmole. After incubation at 370 for 15 min, the reaction was stopped by the addition of
10 vol of cold 0.1 M acetic acid. The resulting precipitate was collected and washed twice with 0.1 M acetic
acid, suspended in 50% ethanol containing 1% NHa, plated, dried, and counted in a windowless gas-flow
counter.

X g for 20 min in 0.05 M Tris buffer, pH 9.0. Descending paper chromatography
was performed with (a) butanol:pyridine:water (6:4:3), and (b) ethylacetate:
acetic acid:water (3:1:3). 4-

E. coli alkaline phosphomonesterase (wYorthington, chromatographically purified)
was dialyzed to remove ammoniumsulfaA *.This preparation was free of hydrolytic
activity toward UDP-galactose.

Results.-Enzymic incorporation of 0-antigenic side chain sugars into the cell en-
velope fraction: Maniosefhamnose, and galactose were transferred to the particu-
late cell-envelope fractionw.xheiftll three sugar nucleotides were present (Table 1).
Significant incorporation'k mannose required the presence of all three sugar nucleo-
tides. The incorporatkrnlonkmose required the presence of UDP-galactose and
was enhanced by GDP-mannose. The transfer of galactose from UDP-galactose
proceeded in the absence of the other sugar nucleotides; most of this activity
represented incorporation into the incomplete lipopolysaccharide core but a signifi-
cant fraction was shown to be related to the incorporation of mannose and rhamnose
into the 0-antigen structure.

Relationship of the product to 0-antigen: In our previous studies with the mutant
strain deficient in GDP-mannose,2 the relationship to 0-antigen was established by
isolation of a trisaccharide, a-galactosyl-mannosyl-rhamnitol, after partial acid
hydrolysis of the enzymic product. In the present work, the polysaccharide product
was characterized by essentially the same methods and partial hydrolysis yielded
the same di- and trisaccharide, mannosyl-rhamnitol, and galactosyl-mannosyl-
rhamnitol. Thus, with both mutant strains, products were synthesized con-
taining identical repeating units.
Nature of the reaction product formed with all three nucleotide sugars: The prop-

erties of the isolated product indicated clearly that it was not linked to lipopoly-
saccharide. The radioactive product, formed by incubation of the cell-envelope
fraction with GDP-mannose-C14 in the presence of unlabeled TDP-rhamnose and
UDP-galactose, was present together with lipopolysaccharide in the aqueous phase
after extraction of the cell-envelope material with phenol.e Gel filtration showed it
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FIG. 1.- Gel filtration on Sephadex G-50 of enzymic products produced in the presence
of all three nucleotide sugars. Incubation mixtures similar to those in Table 1, but 20
times larger in scale, were incubated for 2 hr. Each tube contained one sugar nucleotide
labeled withCmland the other two unlabeled. The products were isolated by phenol ex-
traction and separated from lipopolysaccharide by centrifugation at 105,000 X g for 3 hr.
The supernatant fractions were employed for gel filtration. Endogenous polysaccharide
liberated from lipopolysaccharide by hydrolysis at pH 3.47 was included as a marker.
The column was 1 X 20 cm and was equilibrated with 0.1 M acetic acid. The compounds
were eluted with 0.1 M acetic acid at a flow rate of 0.5 ml/min. V and Vo indicate -the
positions of included and excluded markers, respectively.

to be macromolecular and polydisperse (Fig. 1). The product differed from
endogenous lipopolysaccharide in that it was not precipitated by the addition of
0.025 M MgCl26 and was not sedimented by centrifugation for 3 hr at 105,000 X g.7

In high-voltage paper electrophoresis the radioactive product migrated anionic-
ally (Fig. 2A) in contrast to the intact high molecular weight lipopolysaccharide
which remained at the origin. On the other hand, it migrated more slowly than
the polysaccharide liberated by hydrolysis at pH 3.4 from the endogenous lipopoly-
saccharide. This polysaccharide appeared at 40 cm from the origin under these
conditions. The mobility and behavior on gel filtration of the radioactive product
were unaltered by hydrolysis at pH 3.4. It was thus clear that the radioactive

BEFORE PHOSPHATASE

FIG. 2.-o(A) Electrophoresis of enzy-
mically produced polysaccharide. The pro-
duct labeled with mannose-C14, prepared as
described in the legend to Fig. 1, was sub-
jected to electrophoresis at pH 3.5 [pyridine:
acetic acid: water, (1: 10:69)] for 90 mi at
96 v/cm on Whatman no. 1 paper. The
paper was scanned on a Baird-Atomic 4wr-

B strip scanner. The positions of standards
AFTER PHOSPHATASE are noted on the abscissa. (B) Electro-

phoresis of a portion of the same product
treated with alkaline phosphatase. Product
corresponding to 0.8 mi~moles of C14-mannose
was treated with 1 jAg of alkaline phosphatase
for 1 hr at 370 in 0.1 ml of 0.01 M Tris buffer,
pH 8, containing 0.001 M Mg9l2.

15 105M
(3 CM MIGRATION TOWARD ANODE ORIGIN E)
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product, isolated by phenol extraction, was not linked to lipopolysaccharide.
Products labeled with galactose-C14 and rhamnose-C14 showed identical properties.

After treatment with alkaline phosphatase, most of the radioactive product was
electrophoretically neutral (Fig. 2B). The sensitivity to alkaline phosphatase sug-
gested the presence of a terminal phosphate ester linkage and this was confirmed
by the identification of galactose-1-phosphate at the reducing terminus. A product
obtained as described in Table 1, with C14-galactose as the labeled sugar, was
treated with alkaline phosphatase and then subjected to hypoiodite oxidation and
hydrolysis in 2 N HCl for 3 hr at 100°. Galactonic acid was recovered by elec-
trophoresis of the hydrolysis mixture at pH 6 and accounted for approximately 6
per cent of the total radioactivity. No C14-galactonic acid was detected when hy-
poiodite oxidation was carried out prior to treatment with alkaline phosphatase.
No rhamnose or mannose-reducing end groups were detected in parallel experi-
ments with dephosphorylated products labeled with C'4-mannose and C'4-rhamnose.

Formation of a disaccharide-lipid intermediate: When the particulate enzyme
fraction was incubated with a mixture of UDP-galactose and TDP-rhamnose, in-
corporation of both sugars into the particulate fraction was observed (Table 2,
incubation I). Three tubes were run in parallel; tube 1 contained UDP-galactose-
C'4 and nonradioactive TDP-rhamnose, tube 2 contained nonradioactive UDP-
galactose and TDP-rhamnose-C'4, and tube 3 contained both unlabeled nucleo-
tide sugars; this was used to study the incorporation of mannose-C14 (see below).
Product labeled with C14-rhamnose was quantitatively extracted into chloroform-
methanol (3:1); most of the C14-galactose was incorporated into the lipopoly-
saccharide core but a significant fraction was also extracted into chloroform-
methanol. The ratio of galactose-C'4 to rhamnose-CH4 in the chloroform-methanol
extractable fraction was very close to 1. Chromatography of the lipid-linked frac-
tions in several systems on paper and thin-layer plates demonstrated that all of the
radioactivity migrated as a single substance.

TABLE 2
SEQUENTIAL INCORPORATION OF NUCLEOTIDE SUGARS INTO THE CELL-ENVELOPE FRACTION

Tube 1 -Tube 2- Tube 3 -
UDP-galactose-C'4 TDP-rhamnose-CI4 GDP-mannose-C'4

(during incubation I) (during incubation I) (during incubation II & III)
CHCl-MeOH CHCl-MeOH CHC1a-MeOH

Incubation Total soluble Total soluble Total soluble
(myxnoles) (mpmoles) (mpmoles)

I 144 36.9(26)* 24.1 24.1(23) -
II 152 24.4(16) 24.0 18.3(17) 15.2 11.3(11)
III 155 17.3 -t 22.8 4.5 - 20.0 3.8 -

* The figures in parentheses are corrected for the small amount of lipopolysaccharide entrained in the organic
phases. To correct for this, a portion of the extract was analyzed chromatographically on paper with chloroform: -
methanol: water (65:25:4). A correction factor for lipopolysaccharide (which remains at the origin) was derived
by scanning the chromatogram and integrating the areas under the peaks. Only in the case of the galactose-
labeled product was this correction quantitatively significant.

t The quantity of nonllpopolysaccharide radioactivity was too small to be estimated.
First incubation: Each tube contained 0.1 M Tris-HCl pH 8.4, 0.01 M MgCl2, 0.001 M EDTA, 41 mg cell-

envelope protein, 0.16 mM UDP-galactose, and 0.08 mM TbP-rhamnose in a total volume of 10 ml. After incuba-
tion at 370 for 20 min, the reaction mixtures were diluted with 25 ml cold 0.05M Tris HCl, pH 9.0, the particulate was
collected by centrifugation at 40,000 X g, and washed once with the same buffer. The final pellets were suspended
in 10 ml of the Tris, MgCl2, EDTA mixture and brought to 10°. A 4.0-ml aliquot of each was taken into 25 ml of
cold 0.2 M acetic acid for subsequent washing and analysis.

Second incubation: 6.0 ml of each residue were added to tubes containing GDP-mannose or GDP-mannose-CU4
to give a final concentration of 0.03 mM. After 5 min at 100, a 4-ml aliquot was removed for analysis.

Third incubation: The reaction mixtures were placed in a 370 bath for 5 min after which 1.5-ml aliquots were
removed for analysis (all values shown were corrected to 4.0 ml).

Analysis: The pellets were collected by centrifugation and washed twice with 0.1 M acetic acid. They were
suspended in 3.0 ml of water by sonication, a small portion removed for counting, and the remainder extracted
4 times with 25 ml chloroform-methanol (3: 1), water being added to maintain the same volume of aqueous phase.
The combined organic phases were filtered and portions dried and counted. The specific activities were: UDP-
galactose, 3550 cpm/m;pmole; TDP-rhamnose, 5800 cpm/mismole; GDP-mannose, 5590 cpm/mpmole.
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The component extracted by chloroform-methanol was converted by treatment
with hot phenol to rhamnosyl-galactosyl-1-phosphate, which is characterized below.

Conversion of the disaccharide-lipid intermediate to trisaccharide-lipid: A portion
of each of the particulate fractions described in the preceding section, after incorpo-
ration of galactose and rhamnose, was washed free of nucleotides and incubated with
nonradioactive GDP-mannose (tubes 1 and 2) or GDP-mannose-CI4 (tube 3).
Rapid incorporation of mannose into the particulate fraction was observed (Table
2, incubation Ii). This incorporation was entirely dependent on prior or simul-
taneous incubation of the particulate fraction with both TDP-rhamnose and UDP-
galactose (see Table 1). Under the conditions employed (5 min at 100),
about 70 per cent of the mannose-C'4 was incorporated into a product soluble in
chloroform-methanol. The ratio of mannose: rhamnose: galactose in the lipid
extract was approximately 0.6: 1: 1; in other experiments the ratio of mannose to
rhamnose ranged from 0.7 to 1.0. As described below, both residual rhamnosyl-
galactosyl-1-phosphate and a new product identified as mannosyl-rhamnosyl-galac-
tosyl-1-phosphate could be isolated from this extract after treatment with phenol.

Polymerization of the trisaccharide intermediate: When the temperature of the
incubation mixtures was raised to 370 (Table 2, incubation III), there was little
increase in total mannose incorporation; however, the solubility of the product in
chloroform-methanol was greatly diminished and it was now identical with the
macromolecular product described in an earlier section. The data support the
hypothesis that mannose was first transferred to the disaccharide phospholipid and
that the resulting trisaccharide derivative was subsequently polymerized to form
the final macromolecular product.

Characterization of the oligosaccharide components of the chloroform-methanol-
soluble intermediates: (1) Disaccharide phosphate: Samples of particulate prepa-
rations corresponding to the first part of the experiment in Table 2, containing label
from UDP-galactose-C'4 or from TDP-rhamnose-C14, were subjected to extraction
with hot phenol. The material in the aqueous phase migrated as a single major
anionic peak (compound A) on paper electrophoresis (Fig. 3A); a similar product
was obtained from the galactose-C14-labeled product. Compound A was converted
quantitatively to an electrophoretically neutral product when it was treated with
E. coli alkaline phosphomonoesterase (Fig. 3B). The dephosphorylated product
behaved as a single component on chromatography in solvent (a) (Rgalactose =
0.9) and contained radioactivity from both rhamnose and galactose. The dephos-
phorylated product was oxidized with hypoiodite and hydrolyzed; C14-galactonate
and C'4-rhamnose were the only radioactive products obtained. The phosphoryl-
ated disaccharide was insensitive to oxidation by hypoiodite, suggesting that it
was esterified in the 1 position. This is consistent with the acid lability of the
phosphate group. Compound A lost its electrophoretic mobility completely when
treated with 0.1 N HCl at 1000 for 10 min. It is thus established that compound A
is rhamnosyl-galactosyl-1-phosphate.

(2) Trisaccharide phosphate: The chloroform-methanol extract obtained from
the second incubation (Table 2), in which mannose-Cl4had been incorporated at 100
was dried, extracted with phenol, and the material in the aqueous phase subjected
to electrophoresis (Fig. 4). This yielded two anionic radioactive components (B
and C), which migrated somewhat behind rhamnosyl-glactose-1-phosphate;



VOL. 54, 1965 BIOCHEMISTRY: WEINER ET AL. 233

the same components were also detected when the label was present as rhamnose or
galactose. Fraction B was identified as mannosyl-rhamnosyl-galactosyl-1-phos-
phate; fraction C has not been identified. Treatment of B with alkaline phos-
phatase yielded a single neutral compound which, on chromatography in solvent (a),
migrated with Rgaiactose = 0.5. The corresponding galactose- and rhamnose-
labeled products behaved similarly. All of the galactose-C14 was recovered as
galactonate after phosphatase treatment, hypoiodite oxidation, and hydrolysis.
The sequence was established by partial acid hydrolysis (60% HCOOH, 30 min,
1000), and reduction with NaBH4. Chromatography in solvents (a) and (b)
showed, in addition to free alditols, a single disaccharide containing mannose-C14
and rhamnitol-C"4. These results established the structure of compound B as
mannosyl-rhamnosyl-galactosyl-1-phosphate.
Discussion.-On the basis of the present results, we propose the following mecha-

nism for biosynthesis of the 0-antigen side chains:

(1) (2)
UDP-Gal + "lipid"i-± Gal-l-P-"ipid" Rha-Gal-l-P-"lipid"

+ UMP
TDP-Rha (3) ,t GDP-Man

Man-Rha-Gal-1-P-"lipid"

(4)

(Man-Rha-Gal)n-Man-Rha-Gal-l-P-"lipid"

(5)CDP-Abe

(6) 1 ,--"Core" Lipopolysaccha-
*' ride

Complete Lipopolysaccharide

The postulated reaction (1) is analogous to the first step in biosynthesis of cell-wall
glycopeptide; Struve and Neuhaus9 and Anderson et al.5 have identified UMP as a
product of the reversible reaction between UDP-N-acetyl muramyl peptide and the
lipid acceptor. We have observed the incorporation of UMP-C'4 into UDP-
galactose in the presence of the cell-envelope fraction of the epimeraseless mutant.
The synthesis of the corresponding rhamnosyl-galactose derivative and its in-
corporation into 0-antigen in the presence of GDP-mannose has been observed
in S. anatum. 10 The nature of the lipid remains unknown.

Reactions (5) and (6), addition of abequose to the trisaccharide repeating units
and attachment to the core polysaccharide have not yet been studied in this
organism. Although polymerization of the trisaccharide intermediate can occur
in the absence of CDP-abequose (CDP-Abe), the possibility remains that addition
of abequose normally occurs before polymerization.
The intact lipid-linked polysaccharide, postulated as the product of reaction (4),

has not yet been isolated, but the demonstration that the polymeric product ob-
tained by phenol extraction terminates in galactose-1-phosphate strongly supports
this structure for the primary reaction product.
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FIG. 3.-(A) Electrophoresis of the disaccharide phosphate produced from UDP-galactose
and TDP-rhamnose-C14. An enzymic pellet corresponding to the first incubation in Table
2 was subjected to phenol extraction and electrophoresis of the aqueous phase at pH
3.5, 60 v/cm, for 45 min. (B) Electrophoresis of the disaccharide fraction after treatment
with alkaline phosphatase. A portion of compound A eluted from the electropherogram in
(A) was treated with alkaline phosphatase (as described in Fig. 2B) before electrophoresis.

The enzymically synthesized polysaccharide is of particular interest because of its
possible relation to the haptenic 0-antigens recently described in several laboratories.
Beckmann et al.11 have found that RI mutants of Salmonella, which produced an

incomplete lipopolysaccharide lack-
ing both 0-antigenic side chains and
parts of the core structure, contained

--MA-AGA-Pa separate polysaccharide chemi-1 6-6-P MAN-RHA-6AL-1-P Got

(DI i ORGONGI cally and serologically related to 0-
40 35 30 25 2l T

CM MIGRATION TOWARD ANODE antigen. This material (the LI frac-

FIG. 4.-Electrophoresis of mannose-C'4-labeled tion) contained all the sugar com-
trisaccharide phosphate. The chloroform-meth- ponents of the 0-antigenic side chains
anol extract of the enzymic pellet (Table 2, incuba- but lacked heptose and long-chain
tion II) was dried, extracted with warm phenol
and the aqueous phase analyzed by electrophoresis fatty acid and was of lower mole-
at pH 3.5, 60 v/cm for 90 min. cular weight than lipopolysaccharide.
A similar low molecular weight 0-antigen hapten has been found in wild-type
strains of E. coli.12 The relationship between this hapten and the enzymically syn-
thesized product is currently under investigation.
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EVIDENCE FOR AN INTERMEDIATE STAGE IN THE
BIOSYNTHESIS OF THE SALMONELLA O-ANTIGEN*

BY A. WRIGHT, M. DANKERTJ AND P. W. ROBBINS

DEPARTMENT OF BIOLOGY, DIVISION OF BIOCHEMISTRY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Communicated by John M. Buchanan, May 24, 1965

The 0-antigen of E-group Salmonella strains such as S. anatum and S. newington
consists primarily of long polysaccharide chains attached to a complex core or
backbone structure.1 The polysaccharide chains have a basic repeating glycosidic
sequence that can be represented simply by the formula

(-D-mannosyl-i.-rhamnosyl-E-galactosyl-) n

We have recently reported the enzymatic synthesis of these 0-antigen chains from
the nucleotide precursors UDP-D-galactose, TDP-L-rhamnose, and GDP-D-man-
nose.2 In the present paper, evidence is presented for an intermediate stage in the
biosynthesis of the S. newington 0-antigen in which sugars are transferred from the
nucleotide sugar precursors to an acceptor prior to incorporation into lipopoly-
saccharide. Omission of GDPM from the in vitro 0-antigen synthesizing system
leads to the accumulation of a compound which has been characterized as a rham-
nosylgalactosylphosphate-derivative. On subsequent addition of GDPM to the
system containing this disaccharide intermediate, oligosaccharide repeating units
are incorporated into 0-antigen chains. The isolation and some properties of the
disaccharide intermediate are described.

Particulate enzyme systems that catalyze the synthesis of the S. typhimurium 0-
antigen have been described by Zeleznick et al.3 and by Nikaido and Nikaido.'
The demonstration of an intermediate stage in the S. typhimurium system similar
to that described in the present paper appears in the accompanying paper by
Weiner et al.5

Materials and Methods.-The bacterial strain used for this study was the lysogenic strain of
Salmonella anatum, A1(c.15) (=Salmonella newington).1 AI(516) cells grown as previously described


