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Polymeric carbohydrates containing glycerol and fatty acids were isolated
from whole cells and membranes of mycoplasmas by hot aqueous phenol extrac-
tion and gel filtration. Lipopolysaccharides were found to occur in four species of
Acholeplasma, two of Anaeroplasma, and in Mycoplasma neurolyticum. None
were detected in Spiroplasma citri or in five species ofMycoplasma. All lipopoly-
saccharides contained both neutral and N-acylated amino sugars in ratios
varying from 1:1 to 3:1. The neutral sugars found in varying distribution were

glucose, galactose, and mannose. The amino sugars included fucosamine, an
unidentified deoxyhexosamine, galactosamine, and glucosamine. Fucosamine
and glucose were the only sugars common to all lipopolysaccharides. The fatty
acids were similar to those found in the lipids of each organism.

A new class of lipopolysaccharide has been
reported to occur in Thermoplasma acido-
philum (17, 18). Structurally this molecule is a
polymannosyl glucosyl glycerol diether and can
be viewed as an extended oligosaccharide chain
attached to a glycolipid. Glycosyl diglycerides
containing from one to five sugar residues occur
in many mycoplasmal species (28). These glyco-
lipids exhibit serological specificity when used
as antigens in complement fixation reactions
(3, 21, 22, 30). Furthermore, this serological
specificity is directly related to the structure of
the sugar residues (30). Specific binding of cer-
tain lectins by various mycoplasmas suggests
that sugar residues are located at or near the
surface of these organisms and serve to distin-
guish one species from another (26). These find-
ings prompted a search for lipopolysaccharides,
i.e., glycosyl diglycerides with long polysaccha-
ride chains, in mycoplasmas other than Ther-
moplasma. A preliminary report has suggested
their existence in aqueous phenol extracts (29).

MATERIALS AND METHODS
The organisms employed for this study are listed

in Table 1. The culture media, growth conditions,
and method of harvesting of the different organisms
have been described previously (11, 12, 15, 25, 27). In
some instances (Acholeplasma laidlawii, A. modi-
cum, A. axanthum, Mycoplasma neurolyticum), par-
allel experiments using intact organisms and mem-
branes were carried out. Membranes of Achole-
plasma species were prepared by osmotic lysis, and
membranes ofMycoplasma species were prepared by
sonic disintegration (30).

Freeze-dried organisms or membranes (1 to 10 g)
were extracted three times with 30 or more volumes

of chloroform-methanol (2:1, vol/vol) to remove lip-
ids. The air-dried residues after lipid extraction
were stirred with 45% aqueous phenol (1 g of residue
per 35 ml of aqueous phenol) at 65 to 68 C for 15 min
(33). The aqueous layer was collected after centrifu-
gation at 12,000 x g for 30 min at 0 C. The phenol
layer was reextracted with an equal volume of wa-
ter. The combined aqueous layers were dialyzed for
60 h at room temperature against several changes of
deionized water. Following lyophilization, the fluffy
white material was dissolved (about 1 g per 100 ml)
in 0.1 M tris(hydroxymethyl)aminomethane buffer,
pH 7.0, made 0.001 M with MgCl2. After addition of
a few milligrams each of ribonuclease A and deoxy-
ribonuclease I (EC 3.1.4.5) (Sigma Chemical Co., St.
Louis, Mo.) and a drop of toluene to prevent micro-
bial growth, the mixture was incubated at 37 C
overnight. The enzymatically digested mixture was
dialyzed against deionized water at room tempera-
ture for 24 h and lyophilized. This procedure de-
graded contaminating nucleic acids to smaller frag-
ments that could be separated more easily from the
polymeric carbohydrates by gel filtration. The use of
membranes as starting material significantly re-
duced nucleic acid contamination.

Purification of the lipopolysaccharides was
achieved by passage of the nuclease-digested prepa-
rations through columns of Sephadex G-200 (Phar-
macia Fine Chemicals, Piscataway, N.J.) or con-
trolled-pore-size glass beads, CPG-10-2000 (Electro-
Nucleonics, Inc., Fairfield, N.J.). Both types of col-
umns gave similar results: the lipopolysaccharides
were eluted in the void volume and the nucleic acid
fragments were eluted after the void volume. Void
volume was determined with blue dextran of molec-
ular weight about 2 x 106. In a typical operation, 150
mg or less of the enzymatic digest was applied in a
volume of 3 to 5 ml of water onto a column (2.5 by 70
cm) of either Sephadex or glass beads. Deionized
water served as eluant. Ten-milliliter fractions
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were collected and assayed by the phenol-sulfuric
acid method (2) for carbohydrate and absorption at
260 nm for nucleic acids. The fractions containing
carbohydrate but lacking significant absorption at
260 nm were pooled and lyophilized. This fraction
derived from each organism was employed in all
subsequent analyses. Since these preparations were
very hygroscopic, care was taken to dry the material
to constant weight.

Unhydrolyzed preparations were assayed for pro-
tein by the method of Lowry et al. (14), for nucleic
acid by absorption at 260 nm, for phosphorus by the
method described by Ames (1), for neutral sugars
using phenol-sulfuric acid (2), and for free amino
groups by reaction with ninhydrin (24). Two hydrol-
ysis procedures were used to determine the kinds
and amounts of neutral and amino sugars, glycerol,
and fatty acids. In each case an internal standard of
C19 fatty acid was added to known weights (approxi-
mately 5 mg) of lipopolysaccharides prior to hydroly-
sis. One milliliter of 6 M trifluoroacetic acid (23) or 2
N HCl was added and the hydrolysis was carried out
in Teflon-lined screw-cap tubes for 18 to 22 h at
100 C. Destruction curves for neutral and amino
sugars showed that only galactose was lost, in the
amount of about 10%, when trifluoroacetic acid was
used. Each hydrolysate was extracted twice with 3
ml of hexane to separate the fatty acids. The pooled
hexane layers of each sample were dried under a
stream of N2, esterified with 10% perchloric acid in
methanol, and assayed for fatty acid methyl esters
by gas-liquid chromatography. The aqueous phase
was dried under N2 and applied to a column (1 by 8
cm) of Dowex-50-X8, H+ form in 2 ml of water (4).
Two additional wash volumes of 2 ml each were
added to the column, followed by 5 ml of water. The
water eluate containing the neutral sugars was col-
lected in a tube to which m-inositol was added as an
internal standard. The amino sugars were eluted
with 5 ml of 2 N HCl followed by 5 ml of water into a
tube containing inositol. The eluates were dried in
vacuo and dissolved in 1.0 ml of water. Known por-
tions of these fractions were used for assays of neu-
tral sugars by reaction with phenol-sulfuric acid (2)
and for amino sugars by the Elson-Morgan reaction
(7). The remainder of each fraction was used for
assays of neutral and amino sugars by gas-liquid
chromatography. Glycerol was determined on neu-
tralized 2 N HCl hydrolysates by measuring the re-
duction of nicotinamide adenine dinucleotide by
glycerol-3-phosphate dehydrogenase after phos-
phorylation with glycerokinase (34).

Neutral and amino sugar standards, except fucosa-
mine, were obtained from commercial sources. Fu-
cosamine was purified from the lipopolysaccharide
ofChromobacterium violaceum (NCTC 7917) (6). Hy-
drolyzed lipopolysaccharide was subjected to ion ex-
change chromatography on a column (1 by 45 cm) of
Dowex 50-X8, H+ form. Neutral sugars were eluted
with several bed volumes of water. Amino sugars
were eluted with 0.33 M HCl (5). Fifty-milliliter
fractions were collected, dried in vacuo, and checked
for composition and purity by thin-layer chromatog-
raphy (13) on Eastman Chromagram 13255 cellulose
(no. 6064) using ethyl acetate-pyridine-water-glacial

acetic acid (5:5:3:1, vol/vol) as developing solvent.
Fucosamine eluted in high purity in the 100- to 150-
ml fraction.
A Hewlett-Packard model 420 biomedical gas

chromatograph with flame ionization detectors and
a model 3370A digital electronic integrator were
used for gas-liquid chromatography. The procedure
used for chromatography of fatty acid methyl esters
has been documented previously (15). Neutral
sugars were identified as the trimethylsilyl deriva-
tives of both free sugars and methyl glycosides,
and amino sugars as trimethylsilyl derivatives of
both free and N-acetylated sugars. Neutral sugars
were converted to methyl glycosides by incubation
at 100 C overnight in anhydrous 0.5 M HCl in meth-
anol. Reagent was removed under N2. Amino sugars
were converted to the N-acetyl derivatives by incu-
bation overnight in methanol-acetic anhydride (3:1,
vol/vol) with a small amount of solid silver acetate
as catalyst. Reaction mixtures were filtered through
glass wool and dried under N2. All carbohydrate
samples were converted to the trimethylsilyl deriva-
tives by incubation for at least 30 min at room
temperature in a reagent composed of pyridine-hex-
amethyl disilazane-trimethylchlorosilane-bistri-
methylsilyl trifluoroacetamide, 2:2:1:1 (vol/vol). Re-
agent was removed by evaporation under N2 and the
residues were reconstituted in chloroform for gas-
liquid chromatography on a glass column (183 by 0.6
cm) packed with 5.5% SE-30 on GasChrom Q. Col-
umr temperature was 185 C, carrier gas was he-
lium, and flow rate was nominally 60 ml per min
(15).

RESULTS
A typical chromatographic pattern on con-

trolled-pore-size glass beads for a mycoplasma
containing lipopolysaccharide is shown in Fig.
1. A peak containing carbohydrate as measured
by the phenol-sulfuric acid method appears at
the void volume. This peak is followed by a
second containing nucleic acid. The carbohy-
drate appearing in the second peak is accounted
for by the pentoses found in nucleic acids. Those
mycoplasmas yielding aqueous phenol-extract-
able carbohydrate with chromatographic be-
havior similar to that shown in Fig. 1 are listed
in Table 1 together with those mycoplasmas
that apparently contain no such carbohydrate.
In the case of the latter group oforganisms only
the nucleic acid peak is seen in the chromato-
graphic patterns. To ensure that the nucleic
acid peak did not contain polysaccharide, sam-
ples from this peak were hydrolyzed and exam-
ined for hexoses and amino sugars by gas-liquid
chromatography. Only trace amounts or no
hexoses or amino sugars could be detected.
The yields of polymeric carbohydrate from

lipid-extracted whole-cell residues are tabu-
lated in Table 2. Polymeric carbohydrate ac-
counts for about 1% of the dry weight for the
species ofAcholeplasma and M. neurolyticum,
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FIG. 1. Separation oflipopolysaccharide from nucleic acids by filtration through controlled-pore-size glass
beads. Column ofCPG-10-2000 glass beads, 2.5 by 70 cm (exclusion limit, 1.2 x 106). Ten-milliliter fractions
of water eluant were collected. Solid line, Carbohydrate measured by phenol-sulfuric acid method; dashed
line, nucleic acids measured by absorption at 260 nm.

TABLE 1. Distribution oflipopolysaccharides among
various mycoplasmnus

Organisms containing lipo- Organisms devoid of li-
polysaccharides popolysaccharides

Thermoplasma acidophilum Spiroplasma citri strain
strain 122-1B2 Morocco

Acholeplasma laidlawii Mycoplasma capricolum
strain B strain 14

A. modicum strain 49 M. gallisepticum strain S-
6

A. axanthum strain 743 M. gallinarum strain J
A. granularum strain BTS-39 M. arthritidis strain 07
Mycoplasma neurolyticum M. hyorhinis strain BTS-7

strain PG39
Anaeroplasma bactoclasticum

strain 7LA
A. abactoclasticum strain 6-1

whereas Anaeroplasma and Thermoplasma
contain elevated amounts. Table 3 presents an-

alytical data on the composition of these poly-
mers. Except Thermoplasma, which is devoid
of amino sugars, all contain neutral and amino
sugars, glycerol, and fatty acids. In general the
molar ratio of fatty acids to glycerol approaches
2:1. The amino sugars are N-acylated (probably
N-acetyl) as judged from the virtual absence of
free amino groups. Variable amounts of nucleic
acids and protein contaminate the prepara-

tions. The values given for protein are maximal
since even the use of considerable sample gave
minimal color reactions with Lowry reagent.
All of the phosphorus could be accounted for as
nucleic acids.
The identities and distribution of the neutral

and amino sugars are shown in Table 4. Glu-
cose was found to be the predominant neutral
sugar in A. laidlawii and Anaeroplasma abac-
toclasticum, whereas galactose predominated
in A. modicum and M. neurolyticum. A. axan-
thum and A. granularum contained equal
amounts of glucose and galactose. Mannose oc-
curred in A. laidlawii and the two anaerobic
species. The 6-deoxyamino sugar, fucosamine,
was common to all the organisms, being the
predominant amino sugar in A. laidlawii, A.
axanthum, M. neurolyticum, and A. abacto-
clasticum. An unidentified deoxyamino sugar,
possibly quinovosamine, occurred in five of the
seven organisms. Galactosamine was the major
hexosamine found in A. modicum and M. neu-
rolyticum. A. granularum contained mostly
glucosamine. An equal distribution of glucosa-
mine and galactosamine occurred in A. bacto-
clasticum and A. laidlawii. The latter orga-
nism contained very little hexosamine. The ra-
tios of neutral to amino sugar varied from ap-
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TABLE 2. Yield of lipopolysaccharide from
mycoplasmas

Lipopolysaccha-
Lipid-ex- ride

Organism tracted
residue %9 Resi-

due

Thermoplasmaa acido- 2.00 0.062 3.1
philum

Acholeplasma laidlawii 6.30 0.046 0.7
A. modicum 12.10 0.083 0.7
A. axanthum 10.00 0.085 0.9
A. granularum 7.68 0.096 1.3
Mycoplasma neurolyti- 2.32 0.021 0.9
cum

Anaeroplasma bacto- 0.19 0.005 2.5
clasticum

A. abactoclasticum 0.20 0.004 1.8
a Data from reference 17.

proximately 1:1 to 3:1 for the seven organisms
examined.
The fatty acid distribution among the various

lipopolysaccharides is presented in Table 5. In
all cases, saturated fatty acids predominated.
Significant amounts of hydroxy fatty acid oc-
curred in A. axanthum, reminiscent of its lipids
(16). Branched chained and unsaturated fatty
acids comprised a significant fraction of the
total fatty acids from the lipopolysaccharides of
A. granularum, A. bactoclasticum, and A.
abactoclasticum.

DISCUSSION
This study has demonstrated the existence of

polymeric carbohydrate containing glycerol
and fatty acids in lipid-free whole cells and
membranes of mycoplasmas. All genera of the

TABLE 3. Composition of lipopolysaccharides from mycoplasmas
Amt (,ug/mg) in:

Component A. laid- A. modi- A. axan- A. granu- M. neuro- A. bacto- A. abac- T. acido-
lawii cum thum larum lyticum clastu- tocuasti- philum"cum cum

Neutral sugars 556 502 308 216 409 99 104 824
Amino sugars 224 198 264 244 242 184 144 0
Glycerol 2 2 8 24 4 4 10 12
Fatty acids 4 14 18 28 8 40 33 143b
Protein 55 24 93 88 73 ND" ND 36
Nucleic acids 86 53 90 135 74 ND ND 1
Phosphorus 4 4 8 16 2 ND ND 0
Free amino 0.054 0.034 0.019 0.080 0.033 ND ND 0
groups (,Amol/
mg)
a Data from reference 17.
b Alcohols.
c ND, Not done.

TABLE 4. Neutral and amino sugar composition of lipopolysaccharides from mycoplasmas
Mol% of sugar in:

Sugar A. laid- A. modi- A. axan- A. granu- M. neuro- A. bacto- A. abacto-
lawii cum thum larum lyticum clasticum clasticum

Neutral
Glucose 98.5 9.2 45.2 52.0 5.9 47.3 89.0
Galactose 90.8 54.8 48.0 94.1 27.2 8.2
Mannose 1.5 25.5 2.8
Glucose:galactose:mannose 65.7:ND:1 1:9.9:ND 1:1.2:ND 1.1:1:ND 1:15.9:ND 1.9:1.1:1 31.8:2.9:1

Amino
Fucosamine 63.9 33.2 63.3 25.3 54.0 14.1 83.3
Deoxyamino sugar (uniden- 30.7 11.2 30.9 14.5 17.0

tified)
Glucosamine 2.9 60.2 34.1 16.7
Galactosamine 2.5 55.6 5.9 46.0 34.8
Hexosamine : deoxyhexos- 1:17.5 1.25:1 1:16.0 1.5:1 1:1.2 2.2:1 1:5.0
amine

Neutral:amino sugar 3.05:1 3.14:1 1.45:1 1.09:1 2.06:1 0.66:1 0.89:1

a ND, Not done.
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TABLE 5. Fatty acid composition of lipopolysaccharides from mycoplasmas

Mol% fatty acid in:
Fatty acid" A.. ..i A .oA. granu- M. neurolyti- A. bactoclas- A. abacto-A. laudlawii A. mnodicum A. axanthum lrm cm tcm cwiularum cum ttcum clasticum

<12 5.3 3.5 1.0 0.8 0.3 1.6
12:0 11.4 18.2 5.8 4.0 3.8 2.2 1.7
13:0 1.3 0.4 0.4 0.2
13:br 1.7 2.6 1.9 6.2 0.4 0.7
13:h 0.6 0.3
14:0 15.4 33.0 25.0 13.1 27.7 7.9 6.0
14:br 1.5 11.3 1.7 2.3
14:h 18.8
15:0 0.6 1.0 0.3 0.8 0.9 7.2 5.1
15:br 9.5 2.5 14.7 0.5 8.9 16.2
15:h 0.4
16:0 34.0 28.6 17.5 34.9 48.0 32.1 30.6
16:br 1.8 1.4 5.5 5.3
16:h 4.7 23.9
17:0 3.0 1.1 0.5 0.1 0.6 0.9 0.5
17:br 2.3 0.5 1.0 0.1 5.4 4.7
18:0 5.1 7.0 3.6 1.6 13.1 14.2 14.6
18A 5.1 0.7 0.5 9.6 4.3 13.1 10.4
18:h 0.7

a First number represents length of carbon chain; 0, saturated; A, double bond; br, branched; h, hydroxy.

class Mollicutes except Ureaplasma were rep-
resented by at least one species. All species of
Acholeplasma, Anaeroplasma, and Thermo-
plasma examined contained this type of lipo-
polysaccharide. None could be detected in Spi-
roplasma or Mycoplasma except for M. neuro-
lyticum. M. neurolyticum is distinguishable
from other species ofMycoplasma by its produc-
tion of an exotoxin (32) and its moderate sensi-
tivity to penicillin (35). These polymeric sub-
stances apparently represent integral compo-
nents of the membranes and are not merely
adsorbed from the culture media. Except for the
Anaeroplasma, no similar material is found in
the ingredients of the culture media. Rumen
fluid used for the cultivation ofAnaeroplasma
(11) conceivably could contain bacterial lipo-
polysaccharide. However, bacterial lipopolysac-
charide contains 2-keto, 3-deoxyoctonic acid,
which was proven to be absent from the lipo-
polysaccharides ofAnaeroplasma.
The purity ofour preparations is not absolute

since contaminating nucleic acids and possibly
some protein could be detected. Furthermore,
no attempt has been made yet to determine
homogeneity or heterogeneity within each
preparation. All preparations behave as large
particles on gel filtration columns similar to the
lipopolysaccharide ofThermoplasma, the struc-
ture of which has been reported (17). Prelimi-
nary experiments utilizing mild alkaline deacy-
lation have demonstrated an increase in
aqueous solubility of the treated material, sug-

gesting the removal of covalently bonded fatty
acid residues. The occurrence of glycerol and
fatty acids implies one possible structure of a
polysaccharide chain covalently attached to di-
glyceride, i.e., a glycosyl diglyceride with an
extended polysaccharide chain. Resolution of
structure must await further analysis.
A unique feature of all of the lipopolysaccha-

rides from mycoplasmas, except Thermo-
plasma, is the presence of fucosamine. This
amino sugar, and the variability in content of
amino and neutral sugars, allows for a wide
variation in structure. Such variability would
permit the antigenic distinction that has al-
ready been shown with these molecules or
crude aqueous phenol extracts containing these
compounds (30). It is probable that these lipo-
polysaccharides account for the lectin-binding
properties of Acholeplasma, and M. neurolyti-
cum (26). If this is the case, an explanation for
lectin binding by nxycoplasmas devoid of these
molecules is in ordc;.. Unfortunately, no gener-
alizations can be made because of the lack of
data. However, one can speculate that these
mycoplasmas may contain glycoprotein in lieu
of lipopolysaccharide. The existence of glyco-
protein has been demonstrated in M. pneumo-
niae (10) and has been suspected to occur in M.
hominis (9).

Polymeric carbohydrates have been found in
some mycoplasmas, but no unequivocal demon-
stration of covalent bonding to lipids has been
reported. M. mycoides strains produce extracel-
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lular galactans and glucans that appear to have
associated fatty acid esters (19). These exhibit
serological activity and appear to be polydis-
perse in gel diffusion tests. Several unclassified
strains from goats, sheep, and poultry, as well
as A. laidlawii, have been found to contain
trace amounts of neutral sugars extractable
with hot aqueous phenol (20). No amino sugars
could be detected in these preparations. A poly-
mer composed of N-acetyl glucosamine and N-
acetyl galactosamine has been isolated and
characterized from A. laidlawii (8). It appears
to be weakly associated with the cytoplasmic
membrane (31). This polymer differs substan-
tially from the material reported in our study in
that it contains no neutral sugar or fatty acids.
Although the relation between this N-acetyl
amino sugar polymer and the lipopolysaccha-
ride reported here is unknown, they appear to
be distinct.
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