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A silver staining method used routinely for detecting bacterial lipopolysaccharide (LPS) in sodium dodecyl
sulfate-polyacrylamide gels (C. Tsai and E. Frasch, Anal. Biochem. 119:115-119, 1982) appeared to be
inappropriate for visualizing certain LPS preparations. It did not stain S-form fractions of polyagglutinable
Pseudomonas aeruginosa LPS or several partly deacylated (alkali-treated) S-form LPSs after sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. However, these LPS preparations could be detected by anti-LPS
sera after electroblotting onto nitrocellulose, thereby confirming their integrity and presence in the polyacryl-
amide gel. This is because LPS fractions containing a low number of fatty acids are washed out of the gel during
the initial fixing step (40% ethanol-4% acetic acid, overnight). By omitting this fixing step, which was
originally developed for detecting proteins, and by increasing the LPS oxidation time (from 5 to 20 min), we
restored the ability to detect LPS fractions that otherwise would not be stained. These modifications did not
affect the detection of other S- and R-form LPSs. Thus, differences in the number of fatty acids present in
polyagglutinable P. aeruginosa LPS may result in a selective loss of fatty acid-deficient S-form LPS in these
apparent R-form LPS preparations. This modified procedure provides a fast, simple, and sensitive way to
analyze LPS in polyacrylamide gels despite the number of acyl groups present.

The lipopolysaccharide (LPS) molecules of gram-negative
bacterial cell walls are the main antigen (O antigen) as well as
the source of endotoxic activity of these bacteria (7, 15).
LPS consists of an O-specific polysaccharide chain of
repeating oligosaccharide units, the core oligosaccharide
complex, and lipid A. Lipid A of members of the family
Enterobacteriaceae consists typically of a D-glucosamine
disaccharide substituted with phosphate and carrying amide-
bound and ester-bound 3-hydroxy- or (R)-3-acyloxyacyl
residues (7, 15). LPS from S-form bacteria exhibits a high
degree of heterogenicity and consists of molecules with
different numbers of repeating oligosaccharide units. By
contrast, LPS from mutant R-form bacteria lacks the
0-polysaccharide chain, thereby consisting of only core
components and lipid A (7, 15).

Analysis of S-form LPS preparations by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by a traditional silver staining technique (18) reveals
numerous bands arranged in a ladderlike pattern; such bands
reflect the number of repeating units present in the O chain
of the LPS (14, 18). The fastest migrating band is LPS
lacking the O repeating units, whereas the second band
represents the core-plus-one repeating unit and so forth.
Thus, silver-stained SDS-polyacrylamide gels are often used
to distinguish between R-form LPS and S-form LPS.
SDS-PAGE analysis of LPS derived from clinical isolates

of polyagglutinable strains of Pseudomonas aeruginosa
showed a rough appearance after silver staining which was
characteristic of nontypeable P. aeruginosa strains (3, 9).
However, corresponding immunoblotting with hyperim-
mune serum from cystic fibrosis patients with pulmonary P.
aeruginosa infection revealed the presence of bands in the O
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antigen region that were not visible in the silver-stained gels
even when high concentrations of LPS were used (4). This
indicates that the material is immunoreactive but not detect-
able by the traditional silver staining method. The present
study was undertaken to define the factors responsible for
the low staining efficiency of certain LPS fractions and to
examine ways in which the procedure might be improved.
We show that LPS fractions containing a low number of fatty
acids may be washed out of the gel during the initial fixing
step. This can be avoided by omitting the fixing step and
extending the oxidation time of the silver staining procedure.

MATERIALS AND METHODS
Wild-type LPS. LPS of Salmonella abortus equi was used

as a standard LPS because of its well-defined chemical
composition and structure (7, 15). It was isolated by the hot
phenol-water method (19) and was purified by successive
ultracentrifugation steps and by subsequent extraction by
the phenol-chloroform-petroleum-ether method (8). Purified
LPS was electrodialyzed and converted to its uniform trieth-
ylamine salt form (6). LPS was also extracted by the hot
phenol-water method from polyagglutinable P. aeruginosa
170 serotype 0:3/9 isolated from a cystic fibrosis patient with
chronic pulmonary infection (3); it was purified by ultracen-
trifugation steps and converted to the triethylamine salt form
after electrodialysis.

Fatty acid-deficient LPS. Ester-bound fatty acids were
removed from the S. abortus equi LPS by treatment in 0.2 M
NaOH at 100°C for 1 h. The LPS was then acidified with
glacial acetic acid, and the alkaline LPS (LPS-OH) thus
obtained was washed three times in ice-cold ethanol and
freeze-dried.

Chemical analysis. Fatty acids were liberated by hydroly-
sis in 4 M HCl at 100°C for 4 h followed by trans-
esterification in 15% methanol-2 M HCl at 85°C for 10 h
(H. W. Wollenweber and E. T. Rietschel, in R. L. Whistler,
ed., Methods in Carbohydrate Chemistry, vol. 9, in press).
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The methyl ester derivatives thus obtained were determined
by gas-liquid chromatography with a gas chromatograph
(model 3700; Varian) connected to a Hewlett-Packard inte-
grator (model 3380). A 25-m-long capillary column (SE-54;
Weeke, Mulheim, Federal Republic of Germany) was used,
and H2 was used as the carrier gas (70 kPa).

Ester-bound fatty acids were determined by a sodium
methoxide procedure (Wollenweber and Rietschel, in press).
trans-Esterification was performed in 0.5 M sodium meth-
oxide in the presence of methanol at 37°C for 16 h. The fatty
acid extract was then carbomethylated with diazomethane
and analyzed by gas-liquid chromatography.
Amide-bound fatty acids were analyzed as de-O-acety-

lated samples obtained as the precipitates after sodium
methoxide reaction. The analysis procedure was the same as
that employed for total fatty acid analysis. Abequose was
quantitated by using the method of Cynkin and Ashwell (2).
Analyses for neutral sugars, hexosamine, and ketodeoxyoc-
tonate were carried out by standard procedures (11, 13, 16).
SDS-PAGE. All LPS preparations were treated for 5 min at

100°C in 0.05 M Tris hydrochloride buffer (pH 6.8)-2%
(wt/vol) SDS-10% (wt/vol) sucrose-0.01% bromphenol blue,
and fractionated on an SDS-polyacrylamide gel (10 cm by 10
cm by 0.75 mm) containing 4% and 12.5% acrylamide in the
stacking and separating gels, respectively. Electrophoresis
was done at 12 mA in the stacking gel and 25 mA in the
separating gel until the tracking dye had run about 10 cm.

Immunoblotting. LPS was visualized by immunoblotting
after transfer to nitrocellulose paper (pore size, 0.45 Fim)
(Schleicher & Schull, Dassel, Federal Republic of Germany)
by means of semidry electroblotting at 36 V for 1 h. After
blocking in 1% gelatin-Tris-buffered saline (TSG), the nitro-
cellulose was incubated for 2 h at room temperature with
rabbit antiserum (1:500 in TSG) specific for S. abortus equi
or with pooled human immune serum (1:1,000 in TSG)
obtained from 10 cystic fibrosis patients with chronic P.
aeruginosa lung infection (duration, 5 to 10 years). The
anti-LPS immunoreactivity of the latter is described else-
where (4). After washing three times in Tris-buffered saline,
the nitrocellulose paper was reacted for 1 h with peroxidase-
conjugated swine anti-rabbit immunoglobulin (1:200 in
TSG) (Dakopatts, Glostrup, Denmark) or rabbit anti-human
immunoglobulin G (1:200 in TSG) (Dakopatts). The nitrocel-
lulose sheets were again washed three times, and the color
was developed with 0.003% (wt/vol) 4-chloro-1-naphthol-
0.05% (vol/vol) H202.

Modified silver staining. SDS-PAGE-fractionated LPS
preparations were stained by the conventional silver staining
method of Tsai and Frasch (18), with the following modifi-
cations. (i) LPS was oxidized in the gel with 0.7% periodic
acid in 40% ethanol-5% acetic acid at 22°C for 20 min
without prior fixation. (ii) The gel was then washed three
times with distilled water for 5 min. (iii) The gel was stained
for 10 min with freshly prepared staining solution which was
prepared as follows. A 4-ml volume of concentrated ammo-
nium hydroxide was added to 56 ml of 0.1 M sodium
hydroxide. After the addition of about 200 ml of water, 10 ml
of 20% (wt/vol) silver nitrate (Roth, Darmstadt, Federal
Republic of Germany) was added in drops with stirring. The
final volume was adjusted to 300 ml with water. (iv) The gel
was then washed three times with distilled water for 5 min.
(v) The color was developed by reduction in 200 ml of water
containing 10 mg of citric acid and 0.1 ml of 37% formalde-
hyde. The gel was photographed immediately or the color
reaction was stopped by exposure to 10% acetic acid for 1
min followed by repeated washings in distilled water.

TABLE 1. Chemical composition of P. aeruginosa 170
serotype 0:3/9 LPS

Component Amt (nmol/
mg of LPS)

Rhamnose ........................................... 240
Glucose................................................................. 639
Heptose ........................................... 147
Glucosamine ........................................... 224
Galactosamine ............................................ 83
Ketodeoxyoctonate ............................................ 183
Fatty acids .............. ............................. 933

C12 .................................................................... 88
C16 ........................................... 43
3-OH-Clo........................................... 193
2-OH-C12 ........................................... 281
3-OH-Cl2" ........................................... 328

a Amide-bound fatty acid.

RESULTS
Chemical analysis. The S. abortus equi LPS demonstrated

the presence of ester-bound dodecanoic, tetradecanoic,
hexadecanoic, and 2-hydroxy-tetradecanoic acids, together
with amide-bound 3-hydroxy-tetradecanoic fatty acid. The
detailed chemical structure of S. abortus equi LPS has been
described earlier (5, 7, 15). Chemical analysis of the S.
abortus equi LPS-OH confirmed the presence of the two
amide-bound 3-OH-C14 fatty acids and the absence of all
ester-bound fatty acids.
The chemical composition of the P. aeruginosa serotype

0:3/9 LPS is given in Table 1. Although the higher molar
proportion of fatty acids to sugars in P. aeruginosa 0:3/9
LPS indicated a predominantly rough structure, moderate
amounts of saccharides were present nevertheless. The
immunochemical structure of this LPS and of other polyag-
glutinable P. aeruginosa LPS are described in detail else-
where (3).

Modified silver staining and immunoblotting. The ladder
patterns obtained by both the conventional and modified
silver stain procedures were identical when LPS from dif-
ferent bacterial strains and species (Klebsiella pneumoniae,
Shigellaflexneri, Escherichia coli serotype 0111:B4, E. coli
Ra-Re, Salmonella minnesota, S. minnesota R60, and Sal-
monella typhimurium) were tested; however, different re-
sults were obtained with some preparations of LPS. For
example, when the traditional silver staining (Fig. 1) and the
modified silver staining (Fig. 2) techniques were compared
by using equal amounts (5 tg) of S. abortus equi LPS (lanes
II) and LPS-OH (lanes t) after electrophoresis in SDS-
polyacrylamide gels, the wild-type LPS stained well by both
methods (Fig. 1 and 2, lanes II) and revealed about 40 bands;
however, LPS-OH was detected only by the modified silver
stain method (Fig. 2, lane t). Similar results were obtained
when LPS and corresponding LPS-OH from other Salmo-
nella and E. coli species were used (results not shown).
Thus, reduction of the number of long-chain fatty acids
present alters the LPS fractions so that they are no longer
detected by the traditional silver staining procedure. The
LPS fractions in the LPS-OH preparation migrated faster
than their untreated counterparts, and the faster migration
was most evident for the lower-molecular-weight fractions
(Fig. 2). This may be explained by the reduced molecular
weight of the LPS-OH fractions after cleavage of the ester-
bound fatty acids in the lipid A parts; however, a change in
the molecular conformation or net charge or both may also
contribute to the slightly altered migration pattern.
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FIG. 1. Silver-stained SDS-PAGE pattern of LPS from S. abor-
tus equi. A 5-,ug amount of unmodified LPS (II) or partly deacylated
LPS-OH (1) was applied to each well and stained by the traditional
silver staining method (18).

Immediately after SDS-PAGE, both unmodified LPS and
the partly deacylated LPS-OH could be transferred from the
gel to nitrocellulose paper and detected by specific anti-LPS
antibodies (Fig. 3), thereby confirming their integrity and
initial presence in the gel. A ladder pattern matching the
immunoblot was obtained for polyacrylamide gels stained by
the modified method (Fig. 2). After overnight exposure of
LPS-OH-containing gels to 40% ethanol-4% acetic acid
(fixing solution used in the traditional method) or after
exposure for as little as 1 h, LPS-OH could no longer be
detected by subsequent immunoblotting. By contrast, unal-
tered S. abortus equi LPS could still be detected by immu-
noblotting after fixation (results not shown).
To follow the fate of LPS-OH during traditional silver

staining, 500 ,ug of S. abortus equi LPS or LPS-OH was
applied evenly to the full length of the SDS-polyacrylamide
gels. Abequose, which is a characteristic constituent of S.
abortus equi LPS, was then measured in the fixing solution
as well as in washings throughout the silver staining proce-
dure after concentration by rotary evaporation. Large
amounts of abequose (representing approximately 95% of
the loaded LPS) were detected in the fixing solution from
gels loaded with LPS-OH. Fixing solution from gels loaded

FIG. 3. Immunoblotting of unmodified LPS (II) and LPS-OH (1)
from S. abortus equi by using specific rabbit antiserum.

with the same amount of unaltered LPS contain only minute
amounts of abequose. Moreover, silver-stained bands ap-
peared only in the gel loaded with unaltered LPS. These
experiments suggest that LPS-OH was washed out of the gel
during the fixing step in the traditional method.

In our modified silver staining method, the gel was oxi-
dized by periodic acid without the prior fixing procedure.
Optimal staining of LPS-OH was obtained after 20 min of
oxidation with 0.7% periodic acid. Background staining was
controlled by extensive washings and the use of relatively
thin gels (0.75 mm).

Analysis of polyagglutinable P. aeruginosa LPS. The mod-
ified silver staining method also was applied to a polyagglu-
tinable LPS from a clinical isolate of P. aeruginosa serotype
0:3/9. This LPS appeared rough in SDS-polyacrylamide gels
when traditional silver staining was used (Fig. 4, left);
however, immunoblotting revealed the presence of bands in
the O-antigenic region (Fig. 5). This difference was notjust a
quantitative problem, since 10 times more LPS (50 ptg per
lane) did not lead to an increase in the density of any
high-molecular-weight bands (results not shown). The
S-form LPS fractions seen in immunoblotting could now be
visualized by using the modified silver staining procedure for
fatty acid-depleted LPS (Fig. 4, right). This qualitative
difference in staining suggests the presence of S-form LPS
with low numbers of fatty acids in this LPS preparation.
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FIG. 2. Silver-stained SDS-PAGE pattern of S. abortus equi
LPS. A 5-ptg amount of unmodified LPS (Il) or partly deacylated FIG. 4. LPS (5 ptg) from polyagglutinable P. aeruginosa serotype
LPS-OH (1) was applied to each well and stained by the modified 0:3/9 was demonstrated by traditional silver staining (left) or
silver staining method. modified silver staining (right) of SDS-polyacrylamide gels.
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FIG. 5. LPS (5 ptg) from polyagglutinable P. aeruginosa serotype
0:3/9 was demonstrated by immunoblotting with hyperimmune
serum from cystic fibrosis patients.

DISCUSSION
The sensitivity of the silver staining technique for LPS, as

described by Tsai and Frasch (18), is comparable to that of
autoradiography (14, 18) and gives similar results. By the use
of these techniques, S-form LPS preparations are found to
consist of a heterogeneous mixture of LPS molecules with
various numbers of repeating oligosaccharide units ranging
from 0 to as many as 40 (14, 18) (Fig. 1 through 3). The
polysaccharide part of the LPS molecule is the reactive
component in the silver stain because oxidization of the
hexoses present makes aldehyde groups available for subse-
quent reaction with the silver nitrate. However, as demon-
strated in the present study, retention of the various LPS
fractions in the SDS-polyacrylamide gel during fixing or
oxidization or both may be a property of the number of fatty
acids present in the lipid A part of the LPS molecule. LPS
fractions containing a low number of fatty acids are washed
out of the gel during the initial fixing step originally devel-
oped for proteins (17, 18). By omitting this fixing step and
increasing the oxidation time (from 5 to 20 min), we restored
the ability to directly detect all LPSs used, despite their
degree of acylation.
Immunoblotting is an important and easy method for the

indirect detection of bacterial LPS (3, 4). It is useful in
confirming the presence of LPS antigens that are not easily
detected by traditional silver staining because of their low
degree of acylation. This has also been reported for entero-
bacterial common antigen, which consists of a polysaccha-
ride chain linked to a single long-chain fatty acid. Entero-
bacterial common antigen does not stain by the traditional
silver stain for LPS but can be visualized by immunoblotting
with anti-enterobacterial common antigen antibodies (12).
An example of the use of the modified silver stain is given

with LPS from a polyagglutinable P. aeruginosa strain
containing small but detectable amounts of S-form LPS as
demonstrated by chemical analysis and immunoblotting. The
high-molecular-weight P. aeruginosa LPS fractions are not
visible by the traditional silver stain but were visualized by
using our modifications of the staining procedure, thereby
expressing the pattern seen in the immunoblotting experi-
ments. This suggests a deficiency in the number of fatty
acids in the high-molecular-weight LPS fractions present in
this polyagglutinable P. aeruginosa LPS. Approximately
10% of clinical isolates of P. aeruginosa are still nontype-
able, and polyagglutinable nontypeable strains in particular
are associated with the chronic pulmonary infections of

cystic fibrosis (9). As reported by several investigators, most
of the polyagglutinable nontypeable clinical isolates appear
to be rough strains that do not possess smooth LPS O
antigen (3, 9). However, the modified silver stain, as well as
immunoblotting with hyperimmune cystic fibrosis serum,
enables one to detect S-form LPS in three polyagglutinable
strains previously described (4) including the LPS shown in
Fig. 3. The biological activity and antigenic specificity of this
S-form LPS are currently being investigated. One band in
the P. aeruginosa LPS stained intensely by both silver
staining and immunoblotting (Fig. 4 and 5); this is probably
the result of protein contamination since this band also was
detected by protein gold staining (Aurodye; Janssen) of the
blotted nitrocellulose. The presence of this particular protein
after thorough phenol extraction and purification of the LPS,
as well as its absence when high-molecular-weight LPS
fractions were diffused out of the gel by the fixing solution,
suggests a strong association with high-molecular-weight
LPS fractions. The P. aeruginosa common antigen de-
scribed by H0iby et al. (10) is a likely candidate, thereby
explaining its reaction with the Limulus amoebocyte lysate
(1).
The presence of LPS molecules with few fatty acids in

LPS preparations is difficult to detect by chemical analysis
that provides only average molar concentrations of fatty
acids in the whole preparation. Thus, heterogeneity within
LPS preparations may exist not only in the number of
repeating oligosaccharide units within the O-polysaccharide
chain but also in the number of fatty acids in the toxic lipid
A part of the LPS molecules. By fractionation of LPS
preparations prior to chemical analysis, Galanos et al. (5)
found that lipid A of S-form LPS contained on average fewer
fatty acids than its R-form counterpart. The relative defi-
ciency of fatty acids in S-form LPS molecules may thus be a
general feature characteristic of certain LPSs (e.g., polyag-
glutinable P. aeruginosa LPSs) and could also contribute to
the low toxicity observed for many S-form LPSs as com-
pared with R-form LPSs (5, 7, 15).
The modified short silver staining analysis presented in

this study, as well as immunoblotting, are recommended for
the thorough characterization of LPSs, especially for the
detection of fatty acid-deficient S-form LPS molecules in
apparent R-form LPS preparations. This method appears to
be faster, simpler, and more sensitive than other staining
methods for the direct detection of LPS in polyacrylamide
gels.
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