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The lipopolysaccharides and free lipid A from several strains ofRhodospirilla-
ceae were assayed comparatively with those of Enterobacteriaceae in a number
of biological tests. Free lipid A's from Rhodopseudomonas gelatinosa and Rho-
dospirillum tenue exhibited strong serological cross-reactions with each other
and with free lipid A from Salmonella. Lipid A's from Rhodopseudomonas
viridis and Rhodopseudomonas palustris, although cross-reacting with each
other, did not do so with either the lipid A of R. gelatinosa or R. tenue or with
that of Salmonella. The presence or absence of the above cross-reactions agreed
with corresponding similarities or differences in the chemical structure of the
lipid A preparations. The lipopolysaccharide of R. gelatinosa was highly toxic
for adrenalectomized mice and pyrogenic for rabbits; however, it exhibited no
anti-complementary activity. The activity of the R. tenue lipopolysaccharide
was very low in both the lethality and pyrogenicity tests. Its corresponding free
lipid A also exhibited low pyrogenic activity; however, its lethal toxicity for
adrenalectomized mice was considerably higher than that of the intact parent
lipopolysaccharide. Both intact lipopolysaccharide and, unexpectedly, the free
lipid A exhibited no anti-complementary activity. The lipopolysaccharides ofR.
viridis and R. palustris were virtually nontoxic for mice and nonpyrogenic for
rabbits. Both lipopolysaccharides were highly potent in their interaction with
complement. They therefore represent the first example of nontoxic lipopoly-
saccharides exhibiting high anti-complementary activity.

Lipopolysaccharides are macromolecular
substances present on the surface of gram-neg-
ative bacteria. Of these, lipopolysaccharides of
Enterobacteriaceae have been studied most ex-
tensively, and much information has been ac-
cumulated concerning their composition, struc-
ture, biosynthesis, and biological activity (21).
Up-to-date information shows that the lipopoly-
saccharides of Enterobacteriaceae are made up
of a polysaccharide part consisting of the 0-
specific polysaccharide and the basal core poly-
saccharide, and a ubiquitous component, lipid
A (10, 21). Chemical studies have revealed that
the structure of lipid A is very similar among
Enterobacteriaceae (8). In Salmonella it is
made up of a 81',6-linked D-glucosamine disac-
charide carrying amide-linked D-3-hydroxyte-
tradecanoic acid and ester-bound dodecanoic,
hexadecanoic, and D-3-tetradecanoxytetradeca-
noic acids (13a). The lipid A backbone is sub-
stituted by phosphate groups at positions Cl
and C'4 (8, 10, 13a).

In recent years it has been amply docu-
mented that the toxicity and generally the
other biological activities associated with lipo-
polysaccharides are in the lipid A part of the

molecule (7, 10, 13a, 22). There is also an exten-
sive serological cross-reactivity between free
lipid A preparations derived from different en-
terobacterial lipopolysaccharides (6). Due to
the similarity in the structure and composition
of their lipid A (8), lipopolysaccharides were
found to exhibit a spectrum of biological activi-
ties that is qualitatively and quantitatively
very similar among Enterobacteriaceae.

Differences identified in the lipid A of some
lipopolysaccharides were not concerned with
the basic structure of lipid A and did not seem
to affect their biological activity to any signifi-
cant extent. Lipopolysaccharides with major
differences in their lipid A moiety are of partic-
ular interest for studying relationships be-
tween chemical structure and biological activ-
ity. Recent studies of lipopolysaccharides of
gram-negative photosynthetic bacteria of the
Rhodospirillaceae, which from a taxonomic
point of view are quite remote from Enterobac-
teriaceae, have revealed that, in strains belong-
ing to two species, structurally different lipid
A's are present (18, 19). In these species, Rho-
dopseudomonas viridis and Rhodopseudomo-
nas palustris, a lipid A was found which is
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characterized by the replacement of the gluco-
samine-phosphate backbone by nonphospho-
rylated 2,3-diamino-2,3-dideoxy-n-glucose (Fig.
1) (9, 16). The latter sugar carries amide-linked
D-3-hydroxytetradecanoic acid, whereas ester-
linked fatty acids are lacking (19).
Other Rhodospirillaceae, e.g., Rhodopseu-

domonas gelatinosa and Rhodospirillum tenue,
do not contain diaminohexose. The structure
of R. gelatinosa lipid A is similar to that of
Salmonella (8, 20); that of R. tenue is not
known at present (J. Weckesser, G. Drews, R.
Indira, and H. Mayer, submitted for publica-
tion). In the present study, biological activities
of lipopolysaccharides and free lipid A derived
from some Rhodospirillaceae are compared
with one another and with those ofSalmonella.
Compared are the lethal toxicity, pyrogenicity,
and complement inactivation of the respective
preparations and also the serological cross-re-
actions among the free lipid A preparations.

MATERIALS AND METHODS
Bacterial strains, lipopolysaccharides, and lipid

A. Cultivation of Rhodospirillaceae was carried out
as described previously (18). Lipopolysaccharides
were obtained from R. viridis F and R. palustris 8/1
by the phenol/water isolation procedure (23). Those
from R. gelatinosa 29/2 and R. tenue 2761 and GFUy
(Weckesser et al., submitted for publication) were
obtained by the phenol-chloroform-petroleum ether
method (5). To increase the solubility, the prepara-
tions were electrodialyzed as described previously
(3) and converted to the triethylamine salt form.
The Salmonella lipopolysaccharides of S. abortus
equi (S-form), S. minnesota R345 (Rb chemotype),
and S. minnesota R595 (Re-chemotype) were ob-
tained by the phenol-water method in the case of the
S-form and by the phenol-chloroform-petroleum
ether method in the case of the R-form lipopolysac-
charides (5). For toxicity and pyrogenicity measure-
ments, the lipid A was prepared from electrodi-
alyzed lipopolysaccharides and converted to the sol-

(A)
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uble triethylamine salt form (3).
Preparation of immunogenic lipid A and immu-

nization. Immunogenic lipid A on the surface of
acid-treated bacterial cells was prepared as de-
scribed earlier (6). Briefly, heat- or phenol (1%)-
killed bacteria were treated with acetic acid (1%, at
100°C, 120 min). This procedure led to the cleavage
of the polysaccharide and the exposure of lipid A on
the cell surface. The bacteria were washed three
times with distilled water and lyophilized. In the
case ofSalmonella, the lyophilized acid-treated bac-
teria were coated with additional free lipid A as
described earlier (6).
New Zealand white rabbits received three intra-

venous injections of 0.25, 0.5 and 1.0 ml of suspen-
sion of 5 x 1010 acid-treated bacteria per ml of saline
at days 1, 5, and 10, respectively. On day 15 the
animals were bled by cardiac puncture; the blood
was allowed to clot at 37°C for 1 h and at 40C for 24
h and was then centrifuged. The sera were decom-
plemented at 560C for 30 min, absorbed with sheep
erythrocytes (SRBC), and stored at -20°C.

Detection and serological cross-reactivity of the
anti-lipid A antibodies. Anti-lipid A antibody titers
were measured by the passive hemolysis (12) of
erythrocytes coated with lipid A or alkali-treated
lipid A as described earlier (6), with the following
modifications; the test was carried out in small
hemagglutination plates using SRBC coated with
alkali-treated free lipid A instead ofhuman erythro-
cytes. Unless otherwise stated, 50 ug of alkali-
treated free lipid A per 0.2 ml of packed SRBC was
used for sensitization. To a serial dilution (1:2) of
the antiserum (in 50 ,ul of Veronal buffer), lipid A-
coated SRBC in Veronal buffer (50 ,ul of a 0.5% sus-
pension) were added. To each well, guinea pig com-
plement (25 ,ul of a 1:10 dilution in Veronal buffer)
was added, the plates were incubated at 370C for 1 h,
and hemolysis was measured by visual observation.
The last serum dilution at which lysis still occurs
represents the hemolytic titer of the antiserum.
The serological cross-reactions of a given antise-

rum with heterologous free lipid A preparations
were determined in two ways: by the passive hemol-
ysis test using the given antiserum and SRBC
coated with the different lipid A preparations, and
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FIG. 1. Basic structure of lipid A from (A) Rhodopseudomonas viridis (Roppel, thesis, 1975) and (B)
Salmonella (14).
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by inhibition tests in which the lysis obtained by the
given antiserum and its homologous lipid A-coated
SRBC was inhibited by the heterologous lipid A
preparations. In the latter case the procedure was
as follows. To the wells of hemagglutination plates,
50 ,ul of Veronal buffer was added, and the plates
were kept cool by being placed on crushed ice. Using
a 50-pII Eppendorf pipette, serial dilutions of the
lipid A were made. To each dilution, 2 hemolytic
units of the antiserum to be tested (in 50 ,ul of Vero-
nal buffer) was added followed by 50 jul of a suspen-

sion (0.5%) of SRBC coated with the homologous
alkali-treated lipid A to which the antiserum was

made. Finally, 25 ,ul of guinea pig complement
(diluted 1:15 with Veronal buffer) was added, and
the plates were shaken gently and incubated at
37°C for 1 h. The inhibitory activity of a given lipid
A preparation is expressed as the amount of lipid A
(in micrograms) corresponding to the last dilution
at which inhibition of lysis of the lipid A-coated
SRBC still takes place. Cooling of the plates before
addition of lipid A was necessary in order to avoid
immediate precipitation of the lipid A by Mg2+ and
Ca2+ present in the Veronal buffer.

Lethal toxicity. Lethal toxicity was measured in
adrenalectomized mice according to Chedid and Par-
ant (1). NMRI female white mice were subjected to
adrenalectomy, and 48 h later they were injected
intravenously with different concentrations of the
preparations under test in 0.2 ml of pyrogen-free
distilled water.

Adrenalectomized animals receiving 0.2 ml of
pyrogen-free distilled water intravenously served as
controls. Deaths were recorded up to 24 h later, and
mean lethal values (LD50) were calculated by the
method of Reed and Muench (13).

Pyrogen assay. Pyrogen assays in rabbits were

performed in an air-conditioned room, using at least
four animals per test. Fever responses were mea-
sured rectally by using thermistor probes connected
to a recording temperature-measuring device (Hart-
mann und Braun, Frankfurt). Pyrogenicity of lipo-
polysaccharides and lipid A preparations was quan-
titated by determining the minimal pyrogenic dose
causing a 0.6°C rise of temperature 3 h after intra-
venous injection (MPD-3), as described previously
(7, 15, 17).
Anti-complementary activity. The anti-comple-

mentary activity of the preparations was measured
as described earlier (4).

RESULTS

Immunization of rabbits with acid-treated
bacteria from R. gelatinosa 29/2, R. tenue 2761,
R. viridis F, and R. palustris 8/1 led in all cases
to antisera reacting specifically with the lipid A
of the corresponding strain. Passive hemolysis
titers ranging from 1:500 to 1:16,000 (Table 1)
were obtained and are thus comparable to those
obtained by immunizing rabbits with lipid A
from Enterobacteriaceae under similar condi-
tions.
The serological cross-reactions among the

lipid A preparations of the above strains and
with that of Salmonella are shown in Table 1.
The lipid A and anti-lipid A sera from S. min-
nesota R595, R. gelatinosa 29/2, and R. tenue
2761 showed high cross-reactivity. In most
cases the heterologous hemolysis titers were

similar to those obtained in the homologous
systems. In contrast, the above lipid A prepara-
tions showed only weak cross-reactions with
anti-lipid A sera from R. palustris or R. viridis.
The latter strains, however, showed cross-reac-

tions in both directions with each other.
These results were confirmed by inhibition

tests (Table 2) in which the inhibitory activity
of the lipid A of each of the above strains on the
homologous lipid A/anti-lipid A systems of all
strains was measured. In all cases the lipid A
preparation inhibited its homologous lipid A/
anti-lipid A hemolytic system in concentrations
of a few nanograms. A similar degree of inhibi-
tion was seen in cross-inhibition tests among
Salmonella, R. gelatinosa, and R. tenue. In
contrast, no cross-inhibition occurred between
the above strains and R. viridis or R. palustris.
The latter strains, however, showed strong in-
hibition against each other.
From the above results we conclude that the

lipid A preparations from R. gelatinosa and R.
tenue are serologically similar to or perhaps
identical with one another and with that of
Enterobacteriaceae. On the other hand, the
lipid A's from R. palustris and R. viridis,

TABLE 1. Reactivity of various preparations of lipid A with homologous and heterologous anti-lipid A
antisera

Reciprocal titers in passive hemolysis, using SRBC coated with free lipid A from:

Lipid A-antisera to: S. minnesota R. viridis R. palustris R. gelatinosa R. tenue
R595 F 8/1 29/2 2761

S. minnesota R595 16,000 <4 <4 8,000 16,000
R. viridis Fa <4 512 16 <4 <4
R. palustris 8/la <4 512 16,000 <4 <4
R. gelatinosa 29/2 16,000 512 128 16,000 16,000
R. tenue 2761 256 128 64 4,096 4,096

a For sensitization of erythrocytes, 400 iLg of lipid A per 0.2 ml of packed cells was used.
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TABLE 2. Inhibition by free lipid A of various lipid Alanti-lipid A systems

Minimal inhibiting concentration (,mg) of free lipid A from:
Lipid A/anti-lipid A hemolysis

system of: S. minnesota R. viridis R. palustris R. gelatinosa R. tenue 2761
R595 F 8/1 29/2

S. minnesota R595 0.005 0.31 0.31 0.005 0.005
R. viridis Fa 10 0.04 0.15 10 10
R. palustris 8/la 5 0.31 0.02 10 10
R. gelatinosa 29/2 0.02 0.62 0.31 0.005 0.005
R. tenue 2761 0.15 2.50 0.62 0.04 0.005

a For sensitization of SRBC, 400 ug of lipid A per 0.2 ml of packed cells was used.

which cross-react with each other, show a dif-
ferent serological specificity from the lipid A of
the other Rhodospirillaceae strains and from
that of Enterobacteriaceae.

Biological activities. The lipopolysaccha-
rides and lipid A preparations ofRhodospirilla-
ceae and Salmonella strains were tested com-
paratively for biological activities (Table 3). Le-
thal toxicity in adrenalectomized mice, pyro-
genicity in rabbits, and the in vitro interaction
with complement were assayed. Because of
their optimal activity, where indicated, the tri-
ethylamine salt forms were used for lethality
and pyrogenicity tests and the sodium salt
forms were used for complement interaction (4).
R. gelatinosa lipopolysaccharide was highly

toxic, with an LD50 of less than 0.01 ,g, which
is comparable to those ofS. abortus equi (<0.01
jig), S. minnesota R595 (0.01 ,ug), and to the
free lipid A ofS. minnesota R345 (0.02 u.g) (Ta-
ble 3). The toxicity of lipid A of R. tenue 2761
(LD50, 7.0 jig), R. tenue GFUy (LD50, 10 pg),
R. viridis (LD50, 2.5 ug), and R. palustris (LD50,
15 ug) lipopolysaccharides was considerably
lower by a factor of between 500 and 7,500 com-
pared with that of S. abortus equi. The toxicity
of the lipid A from R. tenue 2761 (LD50, 0.10 jig)
and R. tenue GFUy (LD50, 0.07 jig) was higher
than that of their parent lipopolysaccharides by
factors of 70 and 140, respectively. Both prepa-
rations were only about 20 times less toxic than
the lipid A of S. minnesota R345.
The results of the pyrogenicity tests were in

general agreement with those of lethal toxicity
tests. The pyrogenic activity of lipopolysaccha-
ride ofR. gelatinosa (MPD-3, <0.0001 ug) com-
pared well with that ofS. abortus equi (MPD-3,
0.0005 ,ug) and S. minnesota R595 (MPD-3
0.0001 ,Ug), whereas the lipopolysaccharides of
R. tenue 2761 (MPD-3, 0.05 jig), R. viridis
(MPD-3, 10 ug), and R. palustris (MPD-3, 10
,ug) preparations were considerably less pyro-
genic. The lipid A from R. tenue 2761 (MPD-3,
0.05 ,ug), in contrast to its toxicity, showed a
low pyrogenic activity, comparable to that of
the parent lipopolysaccharide.

The results ofcomplement interaction did not
seem to be related in any way to those of lethal
toxicity and pyrogenicity. Thus the R. gelati-
nosa lipopolysaccharide was completely inac-
tive in its ability to interact with complement.
The same was found to be true for the two R.
tenue preparations and for the lipid A from R.
tenue 2761. These preparations expressed only
insignificant anti-complementary activity. A
complete contrast was shown by the lipopoly-
saccharides from R. viridis and R. palustris.
Here, interaction with complement led to an
almost complete loss of hemolytic activity and
was comparable in this respect with the lipo-
polysaccharides and lipid A from Salmonella.

DISCUSSION
The recent identification of 2,3-diamino-2,3-

dideoxy-D-glucose (9, 16) as the backbone sugar
of the lipid A moiety of two Rhodospirillaceae
species, R. viridis and R. palustris (18, 19),
prompted this study on a comparison of the
biological activities of lipopolysaccharides of
these species with those from Salmonella and
other Rhodospirillaceae containing glucosamine
instead of the diaminohexose as a lipid A con-
stituent (20). The differences in the serological
specificity of lipid A from diaminohexose- and
glucosamine-containing Rhodospirillaceae were
demonstrated in the cross-hemolysis and inhi-
bition assays. There was a marked cross-reac-
tion between lipid A of R. palustris and R.
viridis, i.e., between the two species with the
diaminohexose-containing lipid A. Since the
respective homologous titers were higher by a
factor of 5 to 10, there may be differences in the
lipid A structure of the two strains. The lipid A
of both preparations showed weak cross-reac-
tions with the antisera of R. gelatinosa and R.
tenue, which were absent in the reciprocal sys-
tem. It is interesting that the cross-reaction of
R. viridis with R. gelatinosa anti-lipid A anti-
serum was as high as that with the homologous
antiserum. This may have been due to poor
immunogenicity of the R. viridis lipid A.
R. gelatinosa lipid A was recently shown to
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TABLE 3. Pyrogenicity, lethal toxicity, and
complement inactivation of lipopolysaccharides or

free lipid A from Rhodospirillaceae and
Enterobacteriaceae

Lethal Comple-
ogen- toxicity in mactian-

Source icity a3tomized tion with

,&g/kg) mice 3-A

(LD50, jAg) prepara-

R. gelatinosa 29/1 LPS 0.0001 <0.01 2
R. tenue 2761 LPS 0.05 7.0 9
R. tenue 2761 free lipid A 0.05 0.10 22
R. tenue GFUy LPS NDa 10.0 2
R. tenue GFUy free lipid A 0.05 0.07 ND
R. viridis F LPS 10 2.5 93
R. palustris 8/1 LPS 10 15.0 95
S. abortus equi LPS 0.0005 <0.01 96
S. minnesota R595 LPS 0.0001 0.01 98
S. minnesota R345 free ND 0.02 88

lipid A

a ND, Not determined.

be identical in its backbone structure to Salmo-
nella lipid A (8). The serological study fully
corroborates this result and shows that the re-

placement of amide-linked 8-C14-OH (Salmo-
nella) by 8-C10-OH (R. gelatinosa) (20) does not
change the serological specificity to any meas-
urable extent. R. tenue lipid A also possesses a
glucosamine-containing lipid A, but differs from
Salmonella and R. gelatinosa lipid A in that it
contains appreciable amounts of D-arabinose
(Weckesser et al., submitted for publication).
The serological data show that the lipid A ofR.
tenue is equally active in inhibiting its homolo-
gous hemolysis system and that of Salmonella
and R. gelatinosa. On the other hand, the R.
tenue hemolysis system is better inhibited by
homologous lipid A than by the two above-
mentioned heterologous lipid A preparations.
Thus the antiserum prepared to the R. tenue
lipid A contains antibodies directed against ad-
ditional structures in the R. tenue lipid A that
are absent from the lipid A ofSalmonella orR .

gelatinosa. This additional antigenic specificity
may be provided by the D-arabinosyl residues,
which are present in considerable amounts in
the lipid A of R. tenue after its liberation by
acid. The serological properties of the lipopoly-
saccharides from S. abortus equi and R. gelati-
nosa correspond very well with the lethal toxic-
ity and pyrogenic activities. Evidently, the low
to very low endotoxic and pyrogenic activities
ofR. viridis andR. palustris are related to their
different lipid A types, thus demonstrating that
endotoxicity is dependent on distinct structural
properties. It is tempting to speculate on these
structural prerequisites, but one must consider
that in the lipid A ofR. viridis and R. palustris

three different structural properties character-
istic of lipid A of Enterobacteriaceae are
changed: glucosamine is replaced by 2,3-dia-
mino-2,3-dideoxy-D-glucose, no ester-linked
fatty acids are present, and phosphorous is ab-
sent.
The fact that lipopolysaccharides from R.

tenue strains, although possessing a lipid A
that cross-reacts with Salmonella lipid A, nev-
ertheless show low lethal toxicity and pyrogen-
icity, is of special interest. The toxicity of these
lipopolysaccharides seems to be cryptic; this
was revealed when isolated lipid A of both
strains (GFUy and 2761) were found to be 70 to
140 times more toxic than their respective par-
ent lipopolysaccharides. The pyrogenicity of the
lipid A, however, was not increased and was
comparable to that of the parent lipopolysac-
charides. The fact that the polysaccharide com-
ponent (or an acid-labile lipid A constituent)
can shield the toxicity of lipopolysaccharides
has not been reported before. Usually lipid A
preparations were found to be either as toxic as
the lipopolysaccharides they were prepared
from or somewhat less toxic due to reduced
solubility and partial degradation. In this con-
nection it seems of interest that phthalylation
of the polysaccharide component ofSalmonella
lipopolysaccharide can mask lipid A activity
(11). This cryptic toxicity clearly needs further
studies. Studies on the anti-complementary ac-
tivity of the various Rhodospirillaceae prepara-
tions show that the property of interaction with
complement does not correlate with the expres-
sion of toxicity. This agrees with previous find-
ings using Salmonella and Escherichia coli li-
popolysaccharides (2). Thus lipopolysaccharide
of R. gelatinosa, despite its potent endotoxic
activity, is inactive in its ability to interact
with complement. The two R. tenue lipopoly-
saccharides exhibit only negligible anti-com-
plementary activity; in this case, however, both
preparations also show only weak endotoxic ac-
tivity. The same is true for the lipid A prepara-
tions from R. tenue GFUy. Of particular inter-
est are the lipopolysaccharides from R. viridis
and R. palustris. Both preparations, although
virtually nontoxic, interact with complement.
To our knowledge this is the first example of
nontoxic lipopolysaccharides exhibiting high
anti-complementary activity.
The ubiquitous presence of a Salmonella-

type lipid A in many gram-negative genera and
families shows that lipid A is a rather pre-
served structure. This is also documented by
our results and a previous report (8) which
shows that lipid A from a photosynthetic
gram-negative microorganism (R. gelatinosa)
is identical in its chemical and biological prop-
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erties to lipid A from a mammalian intestinal
parasite (Salmonella). In contrast, the lipid A
of the lipopolysaccharides of the Rhodopseu-
domonas species R. viridis and R. palustris are

completely different in their chemical struc-
tures, and consequently their serological cross-

reactions and biological properties are different.
The occurrence of two remarkably different
lipid A structures in a genus of photosynthetic
bacteria is unexpected and of special interest
(24).
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