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Serospecific antigens isolated by EDTA extraction from four serogroups of Legionella pneumophila were
analyzed for their chemical compeosition, molecular heterogeneity by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and immunological properties. The antigens were shown to be lipopolysaccharides and to differ
from the lipopolysaccharides of other gram-negative bacteria. The serospecific antigens contained rhamnose,
mannose, glucosamine, and two unidentified sugars together with 2-keto-3-deoxyoctonate, phosphate, and fatty
acids. The fatty acid composition was predominantly branched-chain acids with smaller amounts of
3-hydroxymyristic acid. The antigens contain periodate-sensitive groups; mannosyl residues were completely
cleaved by periodate oxidation. Hydrolysis of the total lipopolysaccharide by acetic acid resulted in the
separation of a lipid A-like material that cross-reacted with the antiserum to lipid A from Salmonella minnesota
but did not comigrate with it on sodium dodecyl sulfate gels. None of the four antigens contained heptose. All
of the antigen preparations showed endotoxicity when tested by the Limulus amebocyte lysate assay. The results
of this study indicate that the serogroup-specific antigens of L. pneumophila are lipopolysaccharides containing
an unusual lipid A and core structure and different from those of other gram-negative bacteria.

Shortly after McDade et al. isolated the first strain of
Legionella pneumophila in 1977 (23), additional strains of
this organism were isolated in Togus, Maine, Bloomington,
Ind., and Los Angeles, Calif. Although these strains had the
same nutritional requirements and shared DNA homology,
antisera to one isolate did not react with others in direct
fluorescent antibody assays. Thus, the Togus, Bloomington,
and Los Angeles isolates of L. pneumophila were assigned
to serogroups SG2, SG3, and SG4 of L. pneumophila (24),
respectively. Since then, four additional serogroups of L.
pneumophila and 21 additional species of Legionella have
been identified from several sources (2). The cell surface
antigens of each species are unique and serve as the basis for
the serological identification of members of the family
Legionellaceae (18). Both L. pneumophila and Legionella
longbeachae have multiple serogroups.

Despite the importance of the species and serogroup-
specific antigens in the serological identification of Legionel-
laceae, little is known concerning the composition and
chemical structure of these antigens. Initial studies have
focused almost exclusively on the serogroup-specific antigen
of serogroup 1 (SG1) L. pneumophila, and many of these
studies have suggested similarities to endotoxin found in
other gram-negative bacteria. Wong et al. identified a
serogroup-specific antigen (38) that induced skin reactions in
sensitized guinea pigs and a lipopolysaccharide (39) similar
to the endotoxin isolated from other gram-negative bacteria.
The antigen contained 2-keto-3-deoxyoctonate (KDO) but
was devoid of hydroxy fatty acids, which are commonly
associated with endotoxin. This antigen was positive in the
Limulus lysate assay for endotoxin, but gave a very weak
response in the rabbit pyrogenicity assay. Johnson et al. (17)
reported the isolation of a serogroup-specific antigen that
was also similar to lipopolysaccharide. This antigen was
reported to contain 35% carbohydrate, 2.6% protein, 1.8%
phospholipid, and 1% KDO. The antigen was positive in a
pyrogenicity assay and gave a weak localized Schwartzman
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reaction. Further studies by Johnson et al. (18) resulted in
the isolation of the serogroup-specific antigens of L. pneu-
mophila SG1, SG2, SG3, and SG4. The serogroup-specific
antigen isolated from L. pneumophila SG1 by Flescher et al.
(8) contained <10% carbohydrate, 15% protein, and 1.1%
phosphate, and the remainder was lipid of unknown compo-
sition and was also similar to endotoxin. However these
investigators were unable to detect either KDO or heptose,
both of which are present in classical endotoxin.

Schramek et al. (31) reported the isolation of endotoxin-
like material by phenol extraction of SG1 L. pneumophila.
Mouse toxicity studies confirmed the previous findings of
Wong et al. (39) that the endotoxin isolated from L. pneu-
mophila has a relatively low toxicity for mice. Serological
studies showed that the endotoxin of L. pneumophila con-
tains a lipid which cross-reacts with antisera to lipid A
isolated from other gram-negative organisms. Although
these results suggest antigenic similarities between lipid A
and the lipid isolated from L. pneumophila, no attempts
were made either to ascertain the chemical composition of
the lipid or to determine whether the serotypic antigen was
present on the endotoxin molecule. Collins et al. (5), using
crossed immunoelectrophoresis, have identified a sero-
group-specific antigen with the characteristic electrophoretic
mobility of endotoxin. This antigen was selectively precipi-
tated with serogroup-specific antibody and was highly reac-
tive in the Limulus amebocyte assay for endotoxin.

Because of the discrepencies concerning the chemical
composition and structure of the serogroup-specific antigens
of L. pneumophila, we initiated a comparison of the antigens
isolated from L. pneumophila SG1, SG2, SG3, and SG4. The
results of our studies on the composition of the serogroup-
specific antigens indicate that the antigens from all four
serotypes are lipopolysaccharides that differ from the clas-
sical lipopolysaccharides of other gram-negative bacteria.

MATERIALS AND METHODS

Bacterial strains and growth. The strains of L. pneumo-
phila used for this work were obtained from the Centers for
Disease Control, Atlanta, Ga., and include Philadelphia 2
(SG1), Togus (SG2), Bloomington (SG3), and Los Angeles



894 OTTEN ET AL.

(SG4). The bacteria were grown on charcoal-yeast extract
agar (7) at 37°C for 2 to 4 days. The cells were harvested
from agar plates by washing with phosphate-buffered saline,
pH 7.4 (PBS), and the cells were pelleted by centrifugation
(26,000 x g for 20 min). The cell pellet was washed three
times with PBS to remove medium contaminants.

Antigen isolation. The washed cells were suspended in 0.01
M EDTA in PBS, pH 7.4 (10 ml of buffer per g of wet cells).
After extraction at 45°C for 1 h with shaking, the cells were
removed by centrifugation (12,000 X g for 20 min), and the
supernatant was dialyzed extensively against distilled water
(48 h, 6 times with 20 liters). The dialyzed supernatant was
centrifuged as described above, passed through a 22-pum
Millex filter, and lyophilized.

The antigen was further purified by Folch extractions (9).
The EDTA-extracted material (100 mg) was dissolved in 4 ml
of PBS (pH 7.4) and extracted with 75 ml of CHCl;-methanol
(2:1) for 1 h at room temperature with stirring. The mixture
was filtered through a sintered-glass filter, and the insoluble
residue was washed with a few milliliters with CHCl;-
methanol (2:1). The filtrate was made up to 80 ml with
CHCIl;-methanol and extracted with 16 ml of PBS. The
mixture was stored at —20°C overnight and then centrifuged
(10,000 x g for 1 h) to separate the phases. The layers were
separated and reextracted with 40 ml of theoretical upper
layer (CHCl;-methanol-PBS, 3:48:47) or theoretical lower
layer (CHCL;-methanol-PBS, 86:14:1). The phases were
separated as described above and concentrated to a small
volume with a rotary evaporator. The concentrated upper
and lower layers were dialyzed against distilled water for 48
h and lyophilized.

Antigens were also extracted by the phenol-water method
of Westphal et al. (37) and by the phenol-chloroform-
petroleum ether method of Galanos et al. (11).

Chromatographic analysis. The samples of lipopolysaccha-
ride antigens were analyzed by thin-layer chromatography
and high-pressure liquid chromatography with both an an-
ion-exchange column and a molecular sieving column.

(i) Thin-layer chromatography. Precoated silica gel 60
thin-layer plates (support thickness, 0.25 mm) from E.
Merck AG were washed chromatographically with methanol
and dried. The antigens were analyzed by using a developing
system of isobutyric acid-concentrated NH,OH-water
(66:1:33, vol/vol). After chromatography and drying, the
plates were sprayed with 3% cupric acetate in 15% phospho-
ric acid and heated at 170°C for 30 min.

(ii) Molecular exclusion. High-pressure liquid chromatog-
raphy on a column (7.5 by 300 mm) of Spherogel TSK
SW-3000 (Altex) was conducted by using 0.15 M sodium
chloride (flow rate, 1 ml/min), with monitoring at 210 nm.
Fractions (0.5 ml) were collected and analyzed for antigenic
activity by the Western blot procedure.

(iii) Anion-exchange chromatography. High-pressure liquid
chromatography with a column (4.1 by 250 mm) of
Synchropak AX300 and a gradient of 0 to 1 M sodium
chloride in 0.01 M phosphate buffer (pH 7.4 and finally at pH
8.0) failed to elute any material that absorbed at 210 nm.

Preparation of anti-L. pneumophila antisera. Antiserum to
whole cells of L. pneumophila SG1, SG2, SG3, and SG4
were prepared as previously described (18). Each of the
antisera was tested for specificity for reaction with homolo-
gous and heterologous serogroups. In addition, each of the
antiserum preparations was also tested for reactivity to a
minimum of four separate isolates to insure that antiserum
preparation detected the major serogroup-specific antigen.

Preparation of anti-lipid A serum. Lipid A-coated bacteria
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were prepared by the method of Galanos et al. (12). Salmo-
nella minnesota Re595 was grown overnight in brain heart
infusion broth. Phenol was added to the culture at a concen-
tration of 1 g/ml. The culture was washed twice with distilled
water, twice with acetone, once with ether and finally dried
in vacuo. The dried bacteria were washed twice with 1%
acetic acid and suspended in 1% acetic acid at a concentra-
tion of 0.1 g of cells per S ml of acid. The suspension was
heated at 100°C for 2 h and then washed with distilled water
and dried in vacuo.

Lipid A isolated from S. minnesota was suspended in
distilled water (1 mg/ml) and solubilized by the addition of
triethylamine (0.5 pl/ml). This solution was mixed with 2 ml
of a suspension of hydrolyzed bacteria in distilled water (0.5
mg/ml), and the mixture was dried by rotary evaporation.
Rabbits were immunized by intravenous injection of the
antigen on days 1 (100 pg), 4 (200 n.g), and 11 (400 png).

Immunodiffusion. Ouchterlony double immunodiffusion
was conducted in 1% agarose (type A; Calbiochem) prepared
in 0.05 M barbital buffer (pH 8.6) containing 3% polyethyl-
ene glycol 2000 and 0.02% NaN;. The melted agar was
cooled to 60°C, and 2.5 ml was poured into 35- by 20-mm
petri dishes. Wells were cut in the agar with a gel punch, and
20 pl of antigen or antiserum was added to the wells. The
plates were incubated in a humidity chamber at room tem-
perature for 24 to 48 h.

Gas-liquid chromatography of neutral sugars. Antigens (1
mg) were hydrolyzed in sealed ampoules with 1 N
trifluoroacetic acid at 100°C for 1, 2, 4, 8, 18, or 24 h. The
acid was removed with a rotary evaporator, and the residue
was dissolved in 1 ml of H,0. Xylose (0.166 pmol) was added
as an internal standard, and the mixture was reduced with 10
mg of NaBH, for 2 h at room temperature. The excess
NaBH, was destroyed by acidification to pH 3.5 with glacial
acetic acid, and the boric acid was removed as methyl borate
by concentrating three times with 0.5% acetic acid in meth-
anol with a rotary evaporator. The alditols were acetylated
with 1 ml of redistilled acetic anhydride-pyridine (1:1,
vol/vol) at 100°C for 1 h. Excess reagents were removed by
codistillation with toluene on a rotary evaporator (three
times). The alditol acetates were dissolved in chloroform,
filtered through glass wool, dried under nitrogen, and redis-
solved in 0.5 ml of chloroform. The solutions were analyzed
with a Hewlett-Packard model 5710A gas chromatograph
equipped with a flame ionization detector and with an SE-54
capillary column (Hewlett-Packard) at 180°C. The alditol
acetates were identified by comparison with authentic stan-
dards and by gas chromatography-mass spectroscopy. Total
carbohydrate was determined by the phenol-sulfuric acid
method (6).

Determination of amino sugars. Antigens (100 pg) were
hydrolyzed in sealed ampoules with 4 N HCI at 100°C for 8
h. The acid was removed with a rotary evaporator, and the
amino sugars were determined on a Beckman model 121MB
amino acid analyzer. In addition, amino sugars were deter-
mined by gas-liquid chromatography of the alditol acetates
as described above.

Analysis of heptose and KDO. Heptose was determined by
the method of Wright and Rebers (40) with glucoheptose as
a standard and by gas-liquid chromatography of the alditol as
described above. KDO was determined by the method of
Karkhanis (19).

Fatty acid analysis. Mild alkaline hydrolysis (0.2 M NaOH,
1 h, 100°C) of the antigen preparations (5 mg) released the
ester-bound fatty acids, and the total fatty acids were
released by alkaline (0.2 M NaOH, 1 h, 100°C) and subse-
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quent acidic (4 N HCI, 5 h, 100°C) hydrolysis (36). The
samples were cooled to room temperature, and
pentadecanoic acid (0.415 pmol) was added as an internal
standard. The fatty acids were extracted with 1 ml of
chloroform (three times), and the chloroform extract was
dried over anhydrous sodium sulfate and concentrated to
dryness under nitrogen. The residue was methylated with 0.5
ml of 14% boron trifluoride in methanol in a boiling-water
bath for 2 min. The reaction mixture was cooled to room
temperature, 0.3 ml of water was added, and the fatty acid
methyl esters were extracted (three times) with 0.5 ml of
petroleum ether. The combined petroleum ether extract was
concentrated to dryness under nitrogen and dissolved in 0.1
ml of chloroform. The solutions were analyzed by gas-liquid
chromatography on an SE-54 capillary column at 150 to
230°C at a rate of 2°C/min with a 4-min initial hold and a
16-min final hold. Fatty acids were identified by comparison
to authentic standards and by gas chromatography-mass
spectroscopy.

Determination of phosphate and protein. Total phosphate
was determined by the method of Ames (1), and protein was
determined by the method of Lowry et al. (22).

PAGE. Polyacrylamide gel electrophoresis (PAGE) was
conducted by the method of Laemmli (20) with 14- by 10- by
0.75-mm slabs. The separating gel contained 10 or 12.5%
acrylamide, and the stacking gel contained 3% acrylamide.
The gels and running buffer contained 0.1% sodium dodecyl
sulfate (SDS), and the sample buffer contained 1% SDS (final
concentration). The gels were electrophoresed at a constant
current of 23 mA and were stained by the silver staining
method of Merril et al. (25).

Western blots. Western blots on SDS-polyacrylamide gels
were prepared as previously described (3, 34). The gels were
electrotransferred with a model TE Transphor Electropho-
resis apparatus (Hoefer Scientific Instruments) at a constant
voltage of 100 V for 1 h. The electrode buffer contained 192
mM glycine, 25 mM Tris, and 20% methanol. The nitrocel-
lulose blots were blocked for 1 h at 37°C with a solution of
Tris-saline (0.9% NaCl in 10mM Tris hydrochloride, pH 7.4)
containing 3% bovine serum albumin and 10% heat-
inactivated fetal bovine serum. The blocking solution was
removed by washing with five portions of Tris-saline for 5
min each. The blot was then incubated for 2 h at room
temperature with antiserum diluted 1:500 in blocking solu-
tion, washed as described above, and finally incubated for 2
h at room temperature with horseradish peroxidase-linked
goat anti-rabbit immunoglobulin G diluted 1:1,000 in block-
ing solution. After removal of the conjugate by washing, the
bands were visualized by incubation for 5 to 15 min with a
freshly prepared solution containing 30 mg of 4-chloro-1-
naphthol in 10 ml of methanol, 50 ml of Tris-saline, and 20 pl
of 30% H,0,. The reaction was terminated by washing twice
with distilled water.

Preparation of labeled antigens. The growth from a char-
coal-yeast extract agar slant was suspended in approxi-
mately 1 ml of sterile PBS, and [1,2-*C]sodium acetate (120
to 125 wCi), p-[U-*C]glucose (100 to 125 nCi), or
[**SImethionine (260 pCi) was added. The suspension was
used to innoculate four or five petri dishes (14 cm) containing
charcoal-yeast extract agar. After incubation for 24 to 48 h at
37°C, the cells were harvested by flooding each plate with
approximately 5 ml of PBS and loosening the cells with a
rubber policeman to form a cell suspension that was re-
moved with a pipette. The mixture was centrifuged (12,000
X g 20 min), and the cell pellet was washed twice with 10 ml
of PBS. The washed cells were extracted with 0.01 M EDTA
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FIG. 1. Thin-layer chromatography of the purified antigens.
Lanes: a, SG1; b, SG2; ¢, SG3; d, SG4. EDTA antigen preparation-
were subjected to Folch extraction. Lanes contained 10-p.g samples.

in PBS (10 ml of buffer per g of wet cells) at 45°C for 1 h. The
mixture was centrifuged as described above, and the super-
natant was filtered through a 0.22-pm membrane filter (Mil-
lex), desalted, and concentrated to approximately 2.5 ml by
ultrafiltration (Amicon PM10 filter).

Pronase treatment of antigens. L. pneumophila antigens
were digested with pronase as described by Spiro (33). The
antigen samples were suspended in a buffer containing 0.2 M
Tris hydrochloride and S mM CaCl, (pH 7.8). Pronase
solution (10 pl, 25 ng) was added to each sample, and the
mixtures were incubated at 37°C with shaking. Additional
samples of pronase were added at 8, 24, and 48 h. After 96 h
of incubation, the pronase-treated antigens and control an-
tigens were subjected to immunodiffusion and SDS-PAGE.

Periodate oxidation. Antigens (10 mg) were oxidized with
10 ml of 0.05 M NalQ, at 4°C in the dark for 6 days. The
excess NalO, was destroyed by reaction with 80 pl of 50%
ethylene glycol for 2 h at room temperature. The samples
were dialyzed four times against distilled water (24 h, 2
liters) and lyophilized. The oxidized antigens were subjected
to SDS-PAGE and immunodiffusion. The oxidized antigens
were dissolved in water to give a solution of 1 mg/ml and
reduced with 100 mg of NaBH, for 4 h at room temperature.
The excess NaBH, was destroyed with glacial acetic acid,
and the samples were dialyzed against distilled water and
lyophilized. The periodate-oxidized antigens were subjected
to trifluoroacetic acid hydrolysis and derivation as given
above. The alditol acetates were subjected to gas chroma-
tography-mass spectroscopy.

Mild acid hydrolysis. The lipid A was precipitated by
boiling each antigen preparation for 2 h with 1% acetic acid
(27). The resulting mixture was centrifuged, and the insolu-
ble residue was washed two times with hot distilled water,
the washings being combined with the supernatant. The
combined supernatants and the residue were each lyophi-
lized.
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FIG. 2. High-pressure liquid chromatography of EDTA-Folch-
extracted antigens on a Spherogel TSK SW-3000 (7.5 by 300 mm)
column. Panels: a, SG1; b, SG2; ¢, SG3; d, SG4. The sample size in
each chromatogram was 50 pg; elution was monitored at 210 nm.

For SDS-PAGE analysis of the hydrolyzed fractions,
samples were withdrawn at various time intervals (0, 10, 20,
30, 45, 60, 90, and 120 min) during the hydrolysis and stored
frozen, after centrifugation to remove the lipid.

Limulus lysate activity. The Limulus lysate gelatin assay as
a measure of endotoxic potential in vitro was carried out by
using the single-vial gelatin kit supplied by Whittaker M.A.
Bioproducts, according to their instructions.

RESULTS

Antigen isolation. Serospecific antigens were isolated from
SG1, SG2, SG3, and SG4 strains of L. pneumophila by
extraction with 0.01 M EDTA in a procedure similar to that
described by Leive and Morrison (21) for the extraction of
Escherichia coli lipopolysaccharide. After dialysis, the ex-
tracts were centrifuged to remove insoluble material and
lyophilized to 'yield approximately 0.6% of the wet cell
weight for SG1, SG2, and SG3 strains and approximately
0.25% for the SG4 strain. The crude antigen preparations
were assayed for antigenic activity by Ouchterlony immu-

J. BACTERIOL.

nodiffusion. When assayed for antigenic activity by
Ouchterlony immunodiffusion, the crude antigen prepara-
tions revealed a major precipitin line near the antigen well
with homologous whole cell antiserum. When the antigen
preparations were tested against heterologous antisera,
some minor cross-reacting lines were observed, but no
cross-reaction of the major line was detected. This result
indicates that the major precipitin line represents a
serospecific antigen.

The EDTA antigen preparations were subjected to Folch
extraction (9) to purify further the serospecific antigen. After
dialysis and lyophilization, three fractions were obtained:
the residue that was insoluble in CHCl;-methanol (2:1), the
Folch upper layer, and the Folch lower layer. With SG1,
SG2, and SG3 strains, approximately 45% of the starting
material was recovered in the upper layer, 5% was in the
lower layer, and 35% was in the residue. The SG4 strain,
however, yielded approximately 25% in the upper layer, 5%
in the lower layer, and 60% in the residue. These fractions
were tested for antigenic activity against the homologous
whole cell antiserum by Ouchterlony immunodiffusion. The
upper layer from SG1, SG2, and SG3 strains contained most
of the activity, and a major precipitin line was observed near
the antigen well. Little or no antigenic activity was observed
in the lower layer or the residue. When fractions from the
SG4 strain were tested, the residue contained most of the
antigenic activity. The upper layer and lower layer contained
only slight activity. Some fractionation of the major

FIG. 3. Double-diffusion gel immunoprecipitation of serospecific
antigens from L. pneumophila. Numbered wells: 1, SG1; 2, SG2; 3,
SG3; 4, SG4. Center wells: a, anti-SG1 whole cell antiserum; b,
anti-SG2 whole cell antiserum; c, anti-SG3 whole cell antiserum; d,
anti-SG4 whole cell antiserum.
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TABLE 1. Chemical composition of antigen preparations

% of wt of total antigen

. % wt distri-
Antigen Prepn bution® Carbo- . Glucos-
I hydrate? Protein amine®
SG1 Total 6.1 7.3 0.68
Supernatant? 70 7.4 2.5 NA¢
Residue/ 22 NA NA NA
SG2 Total 6.4 7.0 0.54
Supernatant 72 6.4 2.5 NA
Residue 27 NA NA NA
SG3  Total 8.2 5.5 0.96
Supernatant 62 8.6 2.4 NA
Residue 21 NA NA NA
SG4  Total 7.3 5.8 0.55
Supernatant 60 9.6 4.6 NA
Residue 21 NA NA NA

@ After weak acid hydrolysis.

b Carbohydrates determined by the phenol-sulfuric acid method (6).
¢ Glucosamine was determined with the autoanalyzer.

4 Supernatant after weak acid hydrolysis.

¢ NA, Not analyzed.

/ Residue after weak acid hydrolysis.

precipitin line from the second minor line was detected.
Folch extraction of EDTA extracts from SG4 that contained
the additional precipitin line usually produced upper layers
containing both lines. The Folch extraction resulted in
approximately a twofold increase in activity by weight for all
four strains tested.

Chromatographic analysis of the antigen preparations
showed that they were homogenous by thin-layer chroma-
tography (Fig. 1) and showed trace amounts of nonantigenic
material separated by high-pressure liquid chromatography
(Fig. 2). The antigens were irreversibly bound to an amine or
DEAE anion-exchange column when chromatographed with
a sodium chloride gradient in phosphate buffer.

When the Folch-purified antigens were tested by immuno-
diffusion against heterologous whole-cell antisera, no cross-
reaction of the major precipitin line was detected (Fig. 3).
The purity of the antigen preparations was determined by
immunodiffusion against antisera prepared against whole
cells (Fig. 3). The SG1 antigen showed a single major line of
precipitation and a slight diffuse band located near the
antigen well. The antigens isolated from SG2, SG3, and SG4
(Fig. 3b, ¢, and d, respectively) showed a single line of
precipitation with the homologous antiserum. Antiserum
prepared against SG2 (Fig. 3) showed a very faint line of
precipitation with the SG1 antigen, suggesting some minor
cross-reactivity between these two antigens. '

SG1 cells were also extracted by the phenol-water method
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of Westphal and Jann (37) and by the phenol-chloroform-
petroleum ether method of Galanos et al. (11). When cells
were subjected to extraction by the phenol-water method, no
antigenic activity was detected in the water phase, which
would be expected to contain the lipopolysaccharide. The
phenol phase, however, yielded an antigen extract (0.1% of
wet cell weight) with an activity at 125 pg/ml. This result
suggests the possible presence of a hydrophobic lipopolysac-
charide which is not extractable into the water phase (11).
The phenol-chloroform-petroleum ether extraction yielded
an antigen extract (0.8% of the wet cell weight) which was
active at 32 wg/ml. This result is consistent with results of the
phenol-water extraction and also indicates the presence of a
hydrophobic lipopolysaccharide molecule. Immunodiffusion
against anti-SG1 serum indicated that the antigens obtained
by the phenol-water method and the phenol-chloroform-
petroleum ether method were antigenically identical to the
antigen extracted with EDTA. The EDTA and Folch extrac-
tion procedures were used to obtain quantities of antigen for
further work. This method was chosen since it gave antigen
in as good or better yield and purity as the other two
methods and was simple to carry out.

Chemical composition. The chemical composition of
Folch-purified antigens from SG1, SG2, SG3, and SG4
strains was determined (Table 1). The carbohydrate compo-
sition of the antigens from all four strains was principally
rhamnose, mannose, glucosamine, and two unidentified sug-
ars (Table 2). SG4 antigen also contained galactose in
addition to the other four sugars. The sugar composition was
verified by gas chromatography-mass spectroscopy, which
gave mass spectra consistent with the assigned components.
The mass spectrum of the unidentified sugar X; (Fig. 4)
suggested that it may be a 2-aminodideoxyhexose, but a
unique structure could not be assigned on the basis of these
data.

The amino sugar content of the antigens was also deter-
mined by amino acid analysis with glucosamine, man-
nosamine, and galactosamine as standards; the antigens
contained 0.6 to 1.0% glucosamine. The total sugar content
as determined by the phenol-sulfuric acid method was about
6 to 8% for the four preparations, and that determined by
gas-liquid chromatography and amino acid analysis was
approximately 6 to 7% for the SG1, SG2, and SG3 prepara-
tions and about 3% for SG4. The sugars were present in
similar relative amounts, except that the SG3 antigen had a
slightly higher rhamnose and glucosamine content. In addi-
tion, the SG4 antigen had a lower rhamnose content and was
the only antigen containing galactose. )

The antigens were analyzed for heptose by the method of
Wright and Rebers (40) with glucoheptose as a standard and
by gas-liquid chromatography of the alditol acetate. No
heptose was detected in the antigens by either of these
methods. Determination of nucleic acid by the ratio of

TABLE 2. Carbohydrate, phosphate, and KDO content of antigen preparations

Content [pmol/g (molar ratio?)]

Antigen

Rhamnose X;® Mannose Glucose Galactose Glucosamine X, KDO Phosphate
SG1 140 (4.7) 60 (2.0) 130 (4.3) Trace 40 (1.3) 30 (1.0) 140 (4.7) 250 (8.3)
SG2 160 (5.3) 70 2.3) 130 (4.3) Trace 30 1.0) 30 (1.0) 144 (4.8) 240 (8.0)
SG3 190 (6.3) 60 (2.0) 140 (4.7) 10 (0.3) 40 (1.3) 30 (1.0) 154 (5.1) 220 (7.3)
SG4 30 (1.0) 20 (0.7) 30 (1.0) 10 (0.3) 50 (1.7) 15 (0.5) 30 (1.0) 32 (1.1) 200 (6.7)

2 Molar ratios were calculated by taking X2 as 1.
b X,, Unidentified sugar 1; retention time, 17.74 min.
¢ X,, Unidentified sugar 2; retention time, 29.39 min.
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FIG. 4. Mass spectrum of the unknown sugar X1.

absorbances at 280 and 260 nm showed values for each
antigen preparation of less than 4%, whereas the method of
Setaro and Morley (32) detected no DNA in the antigens.
The KDQ content was determined by the method of
Karkhanis et al. (19); the spectrum of the resulting
chromophore showed the required maximum absorbance at
549 nm. KDO was approximately 3.5% (wt/wt) for SG1,
SG2, and SG3 but only 0.8% (wt/wt) for SG4. Total phos-
phate as determined by the ashing procedure gave a value of
approximately 2% of the dry weight of the antigens. The
antigens were analyzed for fatty acids by gas-liquid chroma-
tography of the fatty acid methyl esters (36) with
pentadecanoic acid as an internal standard. The fatty acids
were identified by comparison to standards and by gas
chromatography-mass spectroscopy (Table 3). The results
from gas chromatograms of the fatty acid methyl esters
obtained by mild alkaline hydrolysis, releasing ester-bound
fatty acids, and alkaline and subsequent acidic hydrolysis,
releasing total fatty acids, are shown in Table 4. Of the total

acids released, SG2 and SG3 have around 50% ester-linked
acids (SG2, 55%; SG3, 47%), whereas SG1 and SG4 have
over 70% ester-linked acids (SG1, 78%; SG4, 71%). The
fatty acid composition is characterized by the presence of
large amounts of branched-chain acids (over 80% of the
total), with the is0-16:0 or the 2-methyl-16:0 acids being the
major components.

Labeled antigens. SG1 and SG4 strains were grown in the
presence of various radioactive substrates to determine what
kinds of biosynthetic precursors would lead to incorporation
of radioactivity into the serospecific antigen. When SG1 cells
were grown in the presence of [**SImethionine (260 p.Ci),
0.05% of the added radioactivity was recovered in the EDTA
extract. When cells were labeled with [1,2-14C]sodium ace-
tate (120 to 250 wCi), 0.4% of the added radioactivity was
recovered in the EDTA extract of SG1, and 0.2% was
recovered in the EDTA extract of SG4. Cells labeled with
p-[U-C]glucose (100 to 125 wCi) led to incorporation of
3.8% of the activity in the EDTA extract of SG1 and 1.4% of

TABLE 3. Fatty acid composition of antigen preparations

% Composition of the following fatty acids*:

Anti Hydrolysis
gen PO - g
with: i:14:0 14:0 x a-15:0 15:0 3-OH14:0 i-16:0 2-Mel6:0 16:1 16:0 a-17:1 a-17:0 17:0 18:2 18:1 18:0 Brl9:0 20:0
SG1  02M 0.5 0.1 0.8 0.1 29 04 05 0.3 04 0.1
NaOH
4N HClI 0.7 Trace® 1.2 Trace 4.6 0.2 04 0.5 0.2 Trace
SG2 02M 0.3 0.1 0.5 Trace Trace 1.7 0.2 0.6 0.3 Trace Trace 0.4 Trace
NaOH .
4N HClI 0.8 0.1 0.2 Trace Trace 4.7 0.2 0.5 0.7 Trace Trace 0.2 Trace
SG3 02M 0.2 0.4 1.1 0.2 0.3 0.2 0.4
NaOH
4N HClI 0.1 0.1 03 0.2 1.0 1.7 14 08 02 0.1 0.1
SG4 02M 0.2 0.1 0.7 Trace 1.6 0.2 0.7 0.4 0.5 Trace
NaOH
4NHClI 0.2 Trace 0.1 0.7 0.3 1.7 1.0 Trace 0.4 08 0.6 0.2 0.1 0.1

4 In fgtty acigl designations, the number to the left of the colon refers to the number of carbon atoms; the number to the right refers to the number of double
bonds. i and a indicate methyl branches at the iso and anteiso carbons, respectively. x, Unidentified fatty acid.

b Less than 0.1%.
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TABLE 4. Carbohydrate composition after periodate treatment

Content (wmol/g)*

Antigen Treatment Rham- Man- Galac- Gluco-
Xi Glucose : X,

nose nose tose samine
SG1  Untreated 140 60 130  Trace 40 30
NalO, 120 40 0 Trace 30 30
SG2 Untreated 160 70 130  Trace 30 30
NalO, 100 50 0 Trace 30 30
SG3  Untreated 190 60 140 10 40 30
NalO, 120 S0 0 10 40 30

SG4 Untreated 30 20 30 10 50 10 30
NalO, 60 20 0 10 50 10 30

@ For definitions of X; and X,, see footnotes b and ¢ of Table 2.

that in the extract from SG4. The labeled EDTA extracts
were subjected to immunodiffusion against the homologous
whole cell antisera and were found to be antigenically
identical to the unlabeled antigen. The precipitin line from
radiolabeled extracts was cut from the gel, melted, and
subjected to scintillation counting. Cells labeled with p-[U-
14C] glucose and [1,2-1*C] sodium acetate contained radio-
activity in the serospecific antigen. The autoradiogram of the
SDS-PAGE gels showed that the radioactivity was incorpo-
rated into the various bands with equal intensity, very
similar to the pattern obtained with the silver staining (Fig.
S). )

SDS-PAGE. Antigens from SG1, SG2, SG3, and SG4
strains (2.5 pg) were subjected to SDS-PAGE by the method
of Laemmli (20). Gels visualized with Coomassie blue stain
revealed only a few poorly stained bands. However, gels
visualized by the silver staining method (25) revealed numer-
ous, distinct bands that were spaced at regular intervals (Fig.
6). The SG1 antigen was subjected to SDS-PAGE with

1 83

FIG. 5. Autoradiography of SDS-PAGE of EDTA extracted SG1
and SG4 antigens. Lanes: 1, SG1 antigen from SG1 cells grown with
[U-*C]glucose; 2, SG1 antigen from SG1 cells grown with
[“Clacetate; 3, SG4 antigen from SG4 cells grown with [U-
4C]glucose; 4, SG4 antigen from SG4 cells grown with [*Clacetate.
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FIG. 6. PAGE (10% polyacrylamide) of the purified antigens.
Lanes: A, C, E, and G, SG1, SG2, SG3, SG4 EDTA-Folch-
extracted antigens, respectively, at 2.5 pg; B, D, F, and H, the
respective antigens treated with pronase; I and K, standard S.
minnesota (Sigma) lipopolysaccharide at 2.5 and 5.0 pg.

increased detergent concentration to determine whether the
multiple bands resulted from incomplete dissociation of
aggregates. The final SDS concentration in the sample buffer
was increased to 2 or 10%, and the SDS concentration in the
gel was increased to 1%. These variations resulted in no
alteration in the pattern of bands. These results suggest that
the bands represent unique molecular complexes that vary in
a regular fashion.

When the gel in the first dimension was run in a second
dimension, either as a strip or as individual gel slices, the
electrophoretic pattern contained numerous bands with var-
ied migration compared with those in the first-dimension gels
(Fig. 7). Such aberrant migration has been observed in the
two-dimensional gels with lipopolysaccharide preparations
from Salmonella typhimurium and S. minnesota (14).

Western blots. The antigen preparations were subjected to
Western immunoblotting (3, 34) to determine the antigenic
activity of the many bands observed on SDS gels. Reaction
with homologous antiserum indicated that all of the bands on
the gels were antigenically active (Fig. 8). When the blots
were incubated with heterologous antiserum, only two
cross-reacting bands were observed. These bands probably
represent minor contamination with a common antigen. In
general, the bands were found to be serospecific, except that
SG1 antigen showed significant cross-reaction with SG4
antiserum. The reciprocal reaction between SG4 antigen and
SG1 antiserum showed no cross-reaction. This result would
not be predicted from the results of Ouchterlony immuno-
diffusion and may indicate that SG1 and SG4 antigens share
a common antigenic determinant, which is detected only on
Western blots due to the high sensitivity of this technique.

Pronase and periodate treatment. After 96 h of incubation,
the pronase-treated antigens and controls analyzed by SDS-
PAGE (Fig. 6) showed no change in the pattern of bands in
the antigens from SG1, SG2, and SG3 strains. Pronase
treatment of the SG4 antigen resulted in the disappearance of
many minor bands, but had no effect on the major bands.
The pronase-treated antigens were also tested for antigenic
activity by immunodiffusion against the homologous anti-
serum. No change in activity relative to the control antigens
was observed.
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FIG. 7. (a) Reelectrophoresis on 10% gel. A lane from the first-dimension slab gel was cut into 10 equal pieces, and each piece was loaded
onto a well of the second gel with the bottom of first gel to the left (L) and the top to the right (R). (b) Second-dimension electrophoresis on
10% gel of a whole lane from the first dimension gel with the top of the first gel to the left (L) and the bottom to the right (R).

The periodate-treated antigens when analyzed by SDS-
PAGE revealed substantial changes in the pattern of bands
(Fig. 9). In addition, silver staining resulted in many bright
green and yellow bands. These bands presumably resulted
from the presence of free aldehyde groups in the periodate-
oxidized antigens. The oxidized antigens were examined for
antigenic activity by immunodiffusion against the homolo-
gous antiserum. The oxidized SG1, SG2, and SG3 antigens
were antigenically active, but only at high concentrations
(250 to 500 pg/ml). The oxidized SG4 antigen was inactive.
In addition, two precipitin lines were observed with oxidized
SG1 and SG3 antigens. One line was identical to the
serospecific antigens found in unoxidized antigen. The other
precipitin line was partially identical to the serospecific
antigen. Oxidized SG2 antigen gave only one line which was

partially identical to the unoxidized serospecific antigen.
Preliminary gas chromatographic analysis of the oxidized
antigens indicated that the mannosyl residues were com-
pletely cleaved by the periodate oxidation (Table 4).

Mild acid hydrolysis. SG1 antigen was hydrolyzed at 100°C
with 1% acetic acid (27). Samples were removed at various
time intervals and examined by SDS-PAGE (Fig. 10), which
showed that the antigen was rapidly degraded by this treat-
ment. After 30 min of reaction, the characteristic multiple
bands had disappeared, and a new band was observed near
the tracking dye. The hydrolysate was centrifuged to remove
the precipitated lipid, which was washed with water and
suspended in 0.2 M Tris buffer (pH 7.8). SDS-PAGE of the
lipid and aqueous fractions showed that the fast-migrating
band that was generated by acid hydrolysis was in the lipid

FIG. 8. Western blots of the EDTA-Folch-extracted antigens against homologous and heterologous antisera. (a) Lanes: A, B, C, and D,
SG1 reacted against anti-SG1, anti-SG4, and anti-SG3, and anti-SG2, respectively; E, F, G, and H, SG2 reacted against anti-SG1, anti-SG2,
%anti-SG3, and anti-SG4, respectively. (b) Lanes: A, B, C, and D, SG3 reacted against anti-SG1, anti-SG2, anti-SG3, and anti-SG4,
respectively; E, F, G, and H, SG4 reacted against anti-SG1, anti-SG2, anti-SG3, and anti-SG4, respectively.
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precipitate. SG2, SG3, and SG4 antigens and S. minnesota
and E. coli lipopolysaccharides were hydrolyzed with 1%
acetic acid (Fig. 11) and gave analogous results, except that
the SG4 antigen contained many minor protein bands that
were stable to this treatment. These bands were probably the
protein contaminants in the SG4 antigen preparation.

Authentic lipid A from S. minnesota migrated in the same
region as the fast-migrating band generated by acid hydro-
lysis of lipopolysaccharides or the serospecific antigens. The
antigens and lipopolysaccharides are presumably cleaved at
the acid-labile KDO linkage to release lipid, which would be
expected to migrate rapidly in SDS-PAGE.

The serospecific antigens and lipopolysaccharides from S.
minnesota and E. coli were analyzed by Western immuno-
blotting against anti-lipid A (Re 595) serum. The antibody
was bound to authentic lipid A and to all of the bands of S.
minnesota lipopolysaccharide. With E. coli LPS, however,
the anti-lipid A bound only to the last two low-molecular-
weight bands. In addition, the Western blot of S. minnesota
and E. coli revealed a band that migrated at the same
distance as lipid A. This band was not detected on the
corresponding silver-stained gel. With the serospecific anti-
gens, only a single band was observed on the Western blot.
This band migrated slightly above the lipid A band and was
not detected on the silver-stained gel. Apparently, anti-lipid
A binds well only to S. minnesota lipopolysaccharide from
which this lipid A was prepared. All preparations, however,
appear to contain free lipid A that was not detected by silver
staining but was easily detected by Western blotting with
anti-lipid A due to the greater sensitivity of this technique.
The serospecific antigens were hydrolyzed with 1% acetic
acid and then analyzed by Western blotting against anti-lipid
A. The lipid released by the hydrolysis readily bound anti-
lipid A (Fig. 12) and appeared to migrate slightly above S.
minnesota lipid A on the SDS gel.

Endotoxicity as determined by the Limulus amebocyte
lysate gelation showed that all the preparations formed a firm
gel at 1 ng/ml compared with a commercial human albumin
preparation showing no gelation at 20 pug/ml.

A B C D E F G H | K

FIG. 9. PAGE (12.5% polyacrylamide) of the periodate-treated
antigens. Lanes: A, C, E, and G, SG1, SG2, SG3, and SG4
EDTA-Folch-extracted antigens, respectively, at 2.5 pg; B, D, F,
and H, the respective antigens treated with NalOy; I, standard S.
minnesota lipopolysaccharide (control); K, standard S. minnesota
lipopolysaccharide (periodate treated).
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FIG. 10. PAGE (12.5% polyacrylamide) during hydrolysis of
SG1 antigen (2.5 pg) with 1% acetic acid. Lanes: A, unhydrolyzed;
B, 0 min; C 10 min; D, 20 min; E, 30 min; F, 45 min; G, 60 min; H,
90 min; I, 120 min; K, standard S. minnesota lipopolysaccharide.

DISCUSSION

The results of this study confirm that the serospecific
antigens isolated from SG1, SG2, SG3, and SG4 strains of L.
pneumophila are lipopolysaccharides that can be obtained
from cells by extraction with EDTA. In addition, the SG1
antigen was isolated in the phenol phase of the phenol-water
extraction (37) and was readily extracted by the phenol-
chloroform-petroleum ether method (11). Gabay and
Horwitz (10) had noted that the lipopolysaccharide of the
outer membrane of L. pneumophila was not found in the
water phase of a phenol-water extraction.

Chemical analysis showed that the antigens contained
carbohydrate, KDO, phosphate, and fatty acids. The abso-
lute and relative amounts of KDO, glucosamine, and phos-
phate detected in the antigens is consistent with a lipopoly-
saccharide structure. The antigens also contained rhamnose
and mannose residues, which have been found frequently in
lipopolysaccharides. However, total carbohydrate was less
than 10% of the antigens. The major differences in the
composition of the antigens isolated from all four serogroups
are the molar ratios of the carbohydrate residues and the
presence of galactose in the SG4 antigen (Table 2). A number
of fatty acids, primarily i-16:0, were detected including
small amounts of 3-hydroxymyristic acid, which is a char-
acteristic component of lipopolysaccharides. The fatty acid
composition shows the presence of large amounts of
branched-chain acids, similar to the findings of Moss et al.
(28) on the cellular fatty acid composition of the isolates
from Legionnaires disease. Like the sugars, the total amount
of fatty acid was also unexpectedly low; the total analyzed
material was approximately 15 to 20%, in spite of analyses
for all known groups of biochemicals. The results were
similar to those of Flescher et al. (8). The analyzed material
could reasonably account for the lipid and core portions of a
lipopolysaccharide, except that a higher fatty acid content
would be expected. This suggests that the antigens contain
unusual groups in the side-chain, which were not detected by
the methods used in this study.

Despite the similarities to lipopolysaccharides of other
gram-negative bacteria, there were several important differ-
ences. The SG1 antigen was isolated in the phenol phase of
the phenol-water extraction and was readily extracted by the
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FIG. 11. PAGE (12.5% polyacrylamide) after 30 min of hydroly-
sis of the antigens with 1% acetic acid. Lanes: A, C, E, and G, SG1,
SG2, SG3, and SG4, respectively, unhydrolyzed (5 pg each); B, D,
F, and H, SG1, SG2, SG3, and SG4, hydrolyzed (2.5 ng each); K
and M, standard S. minnesota and E. coli lipopolysaccharides,
respectively, unhydrolyzed (2.5 pg each); L and N, standard S.
minnesota and E. coli lipopolysaccharides, respectively, hydrolyzed
(2.5 pg each); I, lipid A (Calbiochem) (1.25 pg).

phenol-chloroform-petroleum ether method, suggesting that
the antigen is more hydrophobic than typical lipopolysac-
charides. In addition, our studies confirm the finding of
Flescher et al. (8) that the SG1 antigen is devoid of heptose
and extend this observation to show that none of the four
lipopolysaccharide antigens analyzed contains heptose. In
this respect they are also similar to the lipopolysaccharides
isolated from Brucella abortus (26) and Microcystis aerugi-
nosa (30).

The properties of the SG4 antigen are somewhat different
from those of the other antigens. This was most evident in
the Folch extraction. The SG4 antigen was insoluble in
CHCl;-methanol (2:1) and was recovered in the residue,
whereas the other antigens were extracted into the Folch
upper layer. The SG4 antigen also exhibited a somewhat
different pattern of bands on SDS-PAGE. Relative to SG1,
SG2, and SG3 antigens, the SG4 antigen had lower antigenic
activity and lower KDO, phosphate, and fatty acid content
and is the only antigen that contains galactose. The lower
carbohydrate content detected by gas chromatography is
difficult to explain.

The antigens can be separated by SDS-PAGE to give
many regularly spaced bands. This result is consistent with
previous studies (13, 15, 16, 29, 35) in which lipopolysaccha-
rides from a variety of sources were shown to contain
numerous components that vary in an orderly manner. It has
been proposed that this heterogeneity is due to variation in
the number of repeating units in the O side chain of the
lipopolysaccharide molecule (13, 16). The many bands ob-
served on SDS gels were shown to be serospecific by
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Western immunoblotting and were equally labeled when the
cells had been grown in the presence of radioactive precur-
sors. There was a small percentage of incorporation of
radioactive label into the antigens, as would be expected
from the growth of cells on agar plates. However, it is
particularly significant that the bands from the radiolabeled
antigens on SDS-PAGE gels were the same whether de-
tected by autoradiography, immunoblotting, or silver stain-
ing, which would not be the case if the antigens were grossly
contaminated with other materials that were not part of their
molecular structure. Pronase treatment of the antigens re-
sulted in no alteration in the pattern of bands on SDS-PAGE
and had no effect on the antigenic activity, indicating that
proteinaceous constituents are not the determinants in the
serospecific antigens. Oxidation of the antigens with period-
ate, however, resulted in substantial changes in the SDS gels
and antigenicity. The antigenic activity of the oxidized
antigens was either abolished or significantly reduced, and a
new precipitin line was generated that was partially identical
to the serospecific antigen. These results indicate that the
antigens contain periodate-sensitive antigenic determinant
groups. Gas chromatographic analysis of the periodate-
treated antigens revealed that the mannosyl residues were
completely cleaved by the periodate oxidation (Table 4).
Mild acid hydrolysis resulted in rapid degradation of the
antigens and liberation of a lipid that migrated near the
tracking dye on SDS gels. The lipid appeared to be structur-
ally similar to lipid A from S. minnesota since it readily
bound anti-lipid A antibody on Western blots. The lipid,
however, is not identical to this lipid A since the two
materials did not comigrate on SDS-PAGE. Previous studies
(4, 38) have shown that the serospecific antigens of Legion-
ella species possess only weak endotoxin activity. In the
present study the various preparations were endotoxic

& dH 1 KoL M N

FIG. 12. Western blot against anti lipid A (Calbiochem) anti-
serum. Lanes are as in Fig. 11.

A B C B E F
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showing a firm gelation in the Limulus amebocyte lysate
gelation assay for endotoxicity at 1 ng/ml.

"The results of this study indicate that the serospecific
antigen from L. pneumophila is a lipopolysaccharide mole-
cule with a modified structure. The antigen appears to have
an unusual lipid A and core structure, since no heptose was
detected. The nature of the side chain is largely unknown,
but it appears likely that it contains periodate-sensitive
groups. Further work is required to elucidate the structure of
the antigen and to determine how these structural features
are related to the biological properties of the molecule.

ACKNOWLEDGMENTS

This work was supported in part by Public Health Service grant
AI17159 from the National Institutes of Health.

We thank Richard Saur for his technical assistance and G. W.
Wilson, Director of the University of Iowa Protein Structure Facil-
ity, for the amino acid analyses.

LITERATURE CITED

1. Ames, B. N. 1966. Assay of inorganic phosphate, total phos-
phate and phosphatases. Methods Enzymol. 8:115-118.

2. Brenner, D. J., A. G. Steigerwalt, G. W. Gorman, H. K.
Wilkinson, W. F. Bibb, M. Hackel, R. L. Tyndall, J. Campbell,
J. C. Feeley, W. L. Thacker, P. Skaliy, W. T. Martin, B. J.
Brake, B. S. Fields, H. V. McEachern, and L. K. Corcoran.
1985. Ten new species of Legionella. Int. J. Syst. Bacteriol.
35:50-59. )

3. Burnette, W. N. 1981. ‘““Western blotting’’: electrophoretic
transfer of proteins from sodium dodecyl sulfate-polyacry-
lamide gels to unmodified nitrocellulose and radiographic detec-
tion with antibody and radioiodinated Protein A. Anal.
Biochem. 112:195-203. '

4. Chen, C.-L. H., and A. Nowotny. 1974. Direct determination of
molar ratios of various chemical constituents in endotoxic
glycolipids in silicic acid scrapings from thin layer chromato-
graphic plates. J. Chromatogr. 97:39-45.

5. Collins, M. T., F. Espersen, N. Hoiby, S. N. Cho, A. Friis-
Moller, and J. S. Reif. 1983. Cross-reactions between Legion-
ella pneumophila (serogroup 1) and twenty-eight other bacterial
species, including other members of the family Legionellaceae.
Infect. Immun. 39:1441-1456.

6. Dubeis, M., K. A. Gilles, J. K. Hamilton, P. A. Rebers, and F.
Smith. 1956. Colorimetric method for determination of sugars
and related substances. Anal. Chem. 28:350-356.

7. Feeley, J. C., R. J. Gibson, G. W. Gorman, N. C. Langford,
J. K. Rasheed, D. C. Mackel, and W. B. Baine. 1979. Charcoal-
yeast extract agar: primary isolation medium for Legionella
pneumophila. J. Clin. Microbiol. 10:437—441.

8. Flesher, A. R., H. J. Jennings, C. Lugowoski, and D. L. Kasper.
1982. Isolation of a serogroup 1-specific antigen from Legionella
pneumophila. J. Infect. Dis. 145:224-233.

9. Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A simple
method for the isolation and purification of total lipids from
animal tissue. J. Biol. Chem. 226:497-509.

10. Gabay, J. E., and M. A. Horwitz. 1985. Isolation and charac-
terization of the cytoplasmic and outer membranes of the
Legionnaire’s disease bacterium (Legionella pneumophila). J.
Exp. Med. 161:409-422.

11. Galaneos, C., O. Luderitz, and O. Westphal. 1969. A new method
for the extraction of R lipopolysaccharides. Eur. J. Biochem.
9:245-249.

12. Galanes, C., O. Luderitz, and O. Westphal. 1971. Preparation
and properties of antisera against the lipid-A component of
bacterial lipopolysaccharides. Eur. J. Biochem. 24:116-122.

13. Goldman, R. C., and L. Leive. 1980. Heterogeneity of antigenic-
side-chain length in lipopolysaccharide from Escherichia coli
O111 and Salmonella typhimurium LT2. Eur. J. Biochem.
107:145-153.

14. Hitchcock, P. J. 1983. Aberrrant migration of lipopolysaccharide
in sodium dodecyl sulfate/polyacrylamide gel electrophoresis.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Eur. J. Biochem. 133:685-688.

Hitchcock, P. J., and T. M. Brown. 1983. Morphological heter-
ogeneity among Salmonella lipopolysaccharide chemotypes in
silver-stained polyacrylamide gels. J. Bacteriol. 154:269-277.
Jann, B., K. Reske, and K. Jann. 1975. Heterogeneity of
lipopolysaccharides. Analysis of polysaccharide chain lengths
by sodium dodecyl sulfate polyacrylamide gel electrophoresis.
Eur. J. Biochem. 60:239-246.

Johnson, W., J. A. Elliott, C. M. Helms, and E. D. Renner.
1979. A high molecular weight antigen in legionnaire’s disease
bacterium: isolation and partial characterization. Ann. Intern.
Med. 90:638-641.

Johnson, W., E. Pesanti, and J. A. Elliott. 1979. Serospecificity
and opsonic activity of antisera to Legionella pneumophila.
Infect. Immun. 26:698-704.

Karkhanis, Y. D., J. Y. Zeltner, J. J. Jackson, and D. J. Carlo.
1978. A new and improved microassay to determine 2-keto-3-
deoxyoctonate in lipopolysaccharide of gram negative bacteria.
Anal. Biochem. 85:595-601.

Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-68S.

Leive, L., and D. C. Morrison. 1972. Isolation of lipopolysac-
charides from bacteria. Methods Enzymol. 28:254-262.
Lowry, L., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

McDade, J. E., C. C. Shepard, D. W. Fraser, T. R. Tsai, M. A.
Redus, W. R. Dowdle, and the Laboratory Investigation Team.
1977. Legionnaires’ disease. Isolation of a bacterium and dem-
onstration of its role in other respiratory disease. N. Engl. J.
Med. 297:1197-1203.

McKinney, R. M., B. M. Thomason, P. A. Harris, L. Thacker,
K. R. Lewallen, H. W. Wilkinson, G. A. Hebert, and C. W.
Moss. 1979. Recognition of a new serogroup of Legionnaries’
disease bacterium. J. Clin. Microbiol. 9:103-107.

Merril, C. R., D. Goldman, S. A. Sedman, and M. H. Ebert.
1981. Ultrasensitive stain for proteins in polyacrylamide gels
shows regional variation in cerebrospinal fluid proteins. Science
211:1437-1438. :
Moreno, E., M. W. Pitt, L. M. Jones, G. G. Schurig, and D. T.
Berman. 1979. Purification and characterization of smooth and
rough lipopolysaccharides from Brucella abortus. J. Bacteriol.
138:361-369.

Morgan, W. T. J., and S. M. Partridge. 1941. Studies in
immunochemistry. VI. The use of phenol and of alkali in the
degradation of antigenic material isolated from Bact.
Dysenteriae (Shiga). Biochem. J. 35:1140-1163.

Moss, C. W., R. E. Weaver, S. B. Dees, and W. B. Cherry. 1977.
Cellular fatty acid composition of isolates from Legionnaires
disease. J. Clin. Microbiol. 6:140-143.

Palva, T., and H. Makela. 1980. Lipopolysaccharide hetergene-
ity in Salmonella typhimurium analyzed by sodium dodecyl
sulfate/polyacrylamide gel electrophoresis. Eur. J. Biochem.
107:137-143.

Raziuddin, S., H. W. Siegelman, and T. G. Tornabene. 1983.
Lipopolysaccharides of the cyanobacterium Microcystis aeru-
ginosa. Eur. J. Biochem. 137:333-336.

Schramek, S. J., J. Kazar, and S. Bazovska. 1982. Lipid A in
Legionella pneumophila. Zentralbl. Bakteriol. Parasitenkd.
Infektionskr. Hyg. Abt. 1 Orig. 252:401—404.

Setaro, F., and C. D. G. Morley. 1977. A rapid colorimetric
assay for DNA. Anal. Biochem. 81:467-471.

Spiro, R. G. 1966. Characterization of carbohydrate units of
glycoproteins. Methods Enzymol. 8:26-52.

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some application. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

Tsai, C.-M., and C. E. Frasch. 1982. A sensitive silver stain for
detecting lipopolysaccharides in polyacrylamide gels. Anal.
Biochem. 119:115-119.

Weisshaar, R., and F. Lingens. 1983. The lipopolysaccharide of



904

37.

38.

OTTEN ET AL.

a chloridazon-degrading bacterium. Eur. J. Biochem.
137:155-161.

Westphal, O., and K. Jann. 1965. Bacterial lipopolysaccharide
extraction with phenol-water and further applications of the
procedure, p. 83-91. In R. L. Whistler (ed.), Methods in carbo-
hydrate chemistry, vol. 5. Academic Press, Inc., New York.
Wong, K. H., C. W. Moss, D. H. Hochstein, R. J. Arko, and
W. O. Schalla. 1979. ‘‘Endotoxicity’’ of the Legionnaires dis-
ease bacterium. Ann. Intern. Med. 90:624-627.

39.

40.

J. BACTERIOL.

Wong, K. H., W. O. Schalla, R. K. Arko, J. C. Bullard, and
J. C. Feeley. 1979. Immunochemical serologic and immunologic
properties of major antigens isolated from the Legionnaires
diseases bacterium: observations bearing on the feasibility of a
vaccine. Ann. Intern. Med. 90:634-638.

Wright, B. G., and P. A. Rebers. 1972. Procedure for determin-
ing heptose and hexose in lipopolysaccharides. Modification of
the cysteine-sulfuric acid method. Anal. Biochem. 49:307-
319.



