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" INTRODUCTION

Vibrio fetus is the causative microorganism of Vibriosis, an infection

of the reproductive organs of rutiinants. This disease is common in cattle
and sheep and the Gram-negative organism has been found in humans. Vibrio-
sis often results in infer*tility and abortion and rm.tch—recent research

has investigated the characteristic pathologic lesions.

Serological tests have been satisfactory in identifying different
isolates; however, little is known about the chemistry of this organism's
antigenic camponents. Of the eight formal reports dealing with the iso-
lation of ,antigens, three have undertaken the study of their gross chemical
composition. More data concerning the chemical composition and structure

of both cell wall and protoplasmic antigens of Vibrio fetus might be help-

ful in ascertaining the factor or factors responsible for its virulence,
A preliminary comparison (120) of cell wall antigens by immunodiffusion
experiments has revealed the presence of one cammon antigen from eight

strains of Vibrio fetus. Chemical composition studies of this antigen,

extracted and purified fram three strains of Vibrio fetus; have shown it to

be a high molecula;' weight, complex lipopolysaccharide exhibiting typical
endotoxic manifestations in mice: i.e. fever and paralysis followed by
eventual death from concentrations of 200-250 micrograms of lipopoly-
saccharide per mouse (120).

In the literature the term “endotoxin" is often equated with lipopoly-
saccharide antigens as the principal toxic material of the cell wall in
many pathogenic and nonpathogenic bacteria. Many endotoxin preparations may

contain protein and nucleic acid, depehding upon the method of isolation



and the purification techniques employed. In this thesis, lipopolysaccharide
will refer to chemically purified, toxic preparations which are protein and
nucleic acid free,

The lipid moiety of lipopolysaccharides was designated lipid A by
Westphal (126) to distinguish this firmly-bound lipid from a second lipid,
lipid B, loosely bound to the ccomplex.

Lipid A was first implicated in the toxicity of lipopolysaccharides
by Lideritz and Westphal (127) who found about one-tenth the toxicity of
the intact complex with purified lipid A preparations. However, controversy
exists and debate is frequent over the portion of the lipopolysaccharide
complex résponsible for its toxic properties.. More data on the biological
properties as well as the chemistry and structure of lipid A from a wide
variety of pathogenic Gram-negative bacteria would help to clarify the
relationship between 1lipid A and the toxic and pyrogenic activities of
lipopolysaccharides.

The relationship between lipopolysaccharide, lipid A, and the virulence

of Vibrio fetus is unknown. In our previous studies (120), no correlatian

was found between the virulence of various strains of Vibrio fetus and

their respective lipopolysaccharides or lipid A components. Studies con-

ducted on pathogenic and nonpathogenic strains of Brucella abortus (4) have

also revealed about the same level of toxicity in lipopolysaccharides

extracted fram both types.

The study of lipid A from Vibrio fetus lipopolysaccharide was under-

taken with the follnwing objectives:
1. Determining the chemical composition of 1lipid A obtained from

purified lipopolysaccharide.



. 2. Determining the chemical structure consistent with composition.
3. Determining the type of chemical linkage between lipid A and
‘polysaccharide moieties,
4, Determining the relationship of lipid A to the toxic properties
of the lipopolysaccharide.



LITERATURE REVIEW

Review of Vibrio fetus Antigens

In 1918 Smith and his associates (106) isolated a comma-shaped organism

from cases of bovine abortion. It was named Vibrio fetus by Smith and

Taylor in 1919 (107). Park (84) in 1961 questioned whether the organism
should be classified as a Vibrio or as a Spirillum. He insisted that for
inclusion in the Vibrio group an 6réanism should form curved, S-shaped,
and spiral forms, and some spheroplasts; it should also produce catalase,
require some oxygen, and be gener;ally benefited by extra carbon dioxide.

On these criteria, Vibrio fetus qualifies as a vibrioj but the nonpatho-

genic vibrios of bovine origin that produce only curved forms, that do not
form spheroplasts, that grow anaerobically as well as aerobically, and that
are catalase-negative, should, according to Park, be excluded from the genus.

Vibrio fetus is an actively motile, curved, nonspore-forming rod with
a single polar flagella. It is Gram-negative and varies from 1.5 to 5.0
microns in length and from 0.2 to 0.3 microns in width (53). It is micro-
aerophilic with optimal growth in an atmosphere containing 6% oxygen (63).
For initial isolation, media containing blood or serum are normally used.
Once the organism becomes established, cultures can be maintained on other
media such as thiol and albimi agar.

Stegena (110) proved in 1949 that the bull is the primary source of
infection and that bovine genital vibriosis was a venerea;l. disease. Infec-

tion is at first acute and gradually assumes a chronic form.



The antigenic structure of Vibrio fetus is still somewhat obscure.

Blakemore and Gledhill (11) in 1346 obtained serological evidence for the
existence of type specific O antigens and for considerable overlapping

among the H antigens in cultures of Vibrio fetus. They classified freshly

isolated catalase-positive strains into one or the other of two antigenic

types, either by somatic agglutination or by complement fixation. Type

one appears to occur mainly in cattle and type two mainly in sheep.
Various fractionation techniques have been tried in order to separate

Vibrio fetus antigenic types. During the last fifteen years, fracticnation

attempts have been made using phenol-water, saline, and acid solutions as
reagents,.wiﬂl varying degrees’ of success, Gallut (29) attempted to
separate antigenic types by chemicél fractionation in 1952. Utilizing a
85% phenol extraction he succeeded in separating a carbohydrate and a

protein fraction from Vibrio fetus cultures. Immnochemical methods

revealed that the polysaccharide fraction corresponds to the type specific
0 antigen and that the protein fraction was common to nine of the ten

‘Vibrio fetus isolates studied.

Mitcherlich and Liesz (67) in 1957 extracted an antigenic substance

with phenol from catalase-positive and catalase-negative Vibrio fetus

cells. On the basis of complement fixation titers obtained against Vibrio
fetus antiserums, the authors confirmed the earlier work of Gallut -- that
the organism possessed two antigenic fractions. Another antigen was
postulated as characteristic of the catalase-negative vibrios, as no cross
reaction existed between the antigens of catalase—posi't;ive vibrios and

antiserum prepared against catalase-negative vibrios. In the same study,



a slight immunochemical affinity between type two strains of Vibrio fetus

and strains of Brucella abortus and Trichomonas fetus was reported (67).

Vibrio fetus cultures of ovine and bovine origin were extracted with

saline and phenol by Robertstad and Morrison (97). Using the Oakley-
Fulthorpe modification of the éel precipitin technique, three separate
antigen groups were found. Cultures which comprised groups I and II each
possessed a single antigen in their saline and phenol fractions and the
antigens from groups I and II were unrelated. The isolates in group III
.possessed multiple antigens which reacted w:.th antiserums prepared against
all the cultures. No significant differences were oﬁserved between the
phenol an:i saline extracts used as anﬁgens and no antigenic pattern was
found associated with the source of isolation.

Antigenic substances have also been isolated from broth cultures of

twenty-one Vibrio fetus strains by Nageswararao and Blobel (70). In this

study chemical methods were not used to fractiocnate or extract Vibrio fetus

intracellular antigens. Isolation of antigenic substances from the broth
culture filtrates was accomplished by acid precipitation and was undertaken
to provide data which would be of significant use in the serological diag-
nosis of vibriosis. However, differences were noted between the antigenic
composition of the acid precipitable materials and the respective hamologous
cell extracts lyzed by ultrasonic oscillation. Immunochemical data sug-
gested that, at least in some vibrio cultures, antigenic composition may

be separated into two types: cellular antigens and soluble antigens.
Chemical assays of the acid precipitable material and the homologous cell

extracts for protein and carbohydrate .content gave evidence of a difference



in the protein to carbohydrate ratio, thus indicating, the authors felt,
that the acid precipitable material was not cellular components freed by
lysis of the vibrios, but represented separate antigenic material.

A heat stable, water soluble substance (termed "HS"), partly poly-

saccharide in nature, was isolated from smooth Vibrio fetus cells of bovine

origin by Ristic and Brandly (96). Its carbohydrates yielded only pentoses
on hydrolysis and .the fraction contained 14% nitrogen and 6.5% phosphorus.

Immunologic reactivity was demonstrated by the production of agglutinating

antibody in the rabbit and guinea pig. The "HS" fraction was not, however,
examined for homogeneity by chemical or physical criteria.

Winter (132) disrupted Vibrio fetus cells ultrasonically and by means

of phenol extraction and analyzed the soluble products. He isolated a
toxic fraction which he presumed to be an endotoxin and which was lethal
for mice., A small concentration of this material also caused skin reactions
in rabbits. A heat stable precipitinogen found in the ultrasonic extracts
was isolated but not purified. It was considered to be identical to the
polysaccharide portion of the endotoxin based upon immunoprecipitin lines
formed in agar gel.

On the basis of agar.precipitin and indirect hemagglutination reac-
tions of the ultrascnic extracts, Winter (131) has extended the knowledge

of antigenic relationships in Vibrio fetus. Experiments comparing thirty-

two strains from widely varying sources have led Winter to conclude that

an antigenic relationship exists among all strains of Vibrio fetus.

Recently, a purified lipopolysaccharide, representing the antigenically

and biologically active portion of the endctoxin, was isolated from a strain



of Vibrio fetus var. intestinalis (133). The lipopolysaccharide had a lethal

effect in mice and produced a biphasic febrile response and the generalized
Schwartzman reaction in rabbits. Chemical analyses revealed a composition
similar to other lipopolysaccharide antigens, except for the absence of
pentose sugars and an exceptionaliy high yield of' lipid A (28%). In addi-
tion, small amounts of nucleic acid and 2% protein were present in the
preparations. Dennis (21) isolated a toxic lipopolysaccharide antigen

from Vibrio fetus using the phenol-water extraction method developed in

1954 by Westphal .(128). The lipopolysaccharide was antigenic, toxic, and
pyrogenic in mice and rabbits. The toxicity was greatly enhanced by a
short pem:.od of heating. Chemical analysis was confined to absorption
spectra to determine nucleic acid contamination and to examination of the
sample for the presence of an aldcheptose component which, it was thought,
might be an antigenic determinant of the molecule.

We have recently conducted studies on the lipopolysaccharide antigen

isolated from three strains of Vibrio fetus with 50% phenol extraction (120).

Chemical composition analyses showed the antigens to contain pentose,
hexose, and heptose sugars, the amino sugar glucosamine, five long chain
fatty acids, four amino acids, and several unidentified components.

Studies conducted on the endotoxic pmper*‘ciés of the three lipopoly-
saccharides demonstrated they were toxic in small doses in mice (200-250 ug).
The polysaccharide and lipid A moiéties were not tested extensively because
limited amounts were available; but both were nontoxic at the 200-250 ug/

mouse level in the single determinations that were conducted.



This survey of the literature suggests that there need to be more

quantitative chemical studies performed on Vibrio fetus antigens. To date,

‘ investigation has been limited primarily to serologic studies aimed at
elucidation of the overall antigenic pattern of the organism and to
development of in vivo diagnostic tests. With the exception of the endo-

“toxin isolated by Dennis (21) and by Winter (133), no attempt has been

made to purify and chemically analyze Vibrio fetus lipopolysaccharide
antigen. This study has been undertaken with chemical purification and

analysis of the lipid A moiety as one of the prime objectives.
. Review of Lipopolysaccharide Antigens

Andre Boivin (14) first extracted endotoxins from bacteria over three
decades ago. He found a large molecular complex composed of protein,
1ipid and polysaccharide fractioné. Endotoxins hé.ve continued to intrigue
the chemist since this time. The molecular basis for their biological
action seems always on the verge ;)f discovery but somehow just eludes
detection. Furthermore, arguments over artifact versus the real thing
and frac‘éionation versus contamination are so frequent and so vigorous
when analytic methodology is discussed that they seem to be achieving a
kind of cyclic immortality.

Lipopolysaccharides possess a range of biological activity (117, 10).
They can affect structure and function of numerous organs and cells; change
tissue and blood levels of many enzymes; modify carbohydrate, fat and
protein metabolism; raise or lower body temperature; increase or decrease

resistance to bacterial and viral infections and other noxious stimuli
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(including themselves); cause hemorrhage and increase coagulation of blood;
modify hemodynamics in every accessible anatomical site; cause or prevent
shock; modify gastric secretion; destroy tumors; and disrupt the activity
of several endocrine glands. They have been suggested repeatedly in the
literature as a possible key to imders‘canding the peculiar and distinguish-
ing features of the diseases produced by Gram-negative bacteria.

Because of this wide range of biological activities, the lipopoly-
saccharides are of extraordinary interest; at the same time, when the
ultimate aim is the correlation of chemical structure w:t.th biological
function, such multiple effects inevitably increase the difficulty of
c’naracter;'.zing them. The methods employed to extract and purify the com-
plexes also affect, to a certain extent, their chemical composition.
Degradative procedures have been developed, however, which allow separa-
tion of the complexes into lipid, carbohydrate, and (often) peptide
moieties.

Lipopolysaccharides have been prepared from Gram-negative bacteria by
a variety of methods (27). The best known are those involving extraction
of bacilli with trichlorcacetic acid, ethylene glycol, phenol-water,
ether-water (125), and most recently with dimethyl sulfoxide (1). All of
these procedures extract camplexes of protein, lipid and polysaccharide
but in varying proporticns dependent upon the type of reagent used. They
all evoke the spectrum of characteristic endotoxin reactions mentioned
previcusly, but differ widely as regards their potency on a weight basis,

and particularly as regards their capacity to produce lethal effects (27).
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An early method of preparation of the lipopolysaccharide was that of
Raistrick and Topley (88). In this procedure, a suspension of bacteria
was subjected to autolysis in the presence of toluene. Trypsin was added
to the autolysate and the products of digestion were fractionated with
alcohol to yield a lipopolysaccharide.

A milder procedure was developed by Morgan (69) to prepare the
bacterial complexes. Repeated extractions of bacterial cells with di-
ethylene glycol yielded strongly antigenic material from smooth sirains

of Shigella dysenteriae. The product was obtained in yields of six to

seven percent of the original dry weight of bacteria. Morgan described
this mate;ial as forty-eight percent specific polysaccharide, containing
bound pmfein and lipid., dJesaitis (45) reported, however, that the efficacy
of diethylene glycol as an extracting solvent depended on the bacterial
source and that specific yields of the lipopolysaccharide complex from

Shigella flexneri were very low. When a fifty percent agueous pyridine sol-

vent was substituted, better yields were obtained, although the product
was more contaminated with nucleic acids and inert polysaccharides.
Jesaitis characterized the material prepared with this solvent as a lipo-
polysaccharide-protein complex.

Westphal et al. (127) developed procedures using aqueous phenol to
prepare lipopolysaccharide complexes which yield somewhat different pro-
ducts, depending on the temperature at which the extracticn is carried out.,

When Escherichia coli organisms were extracted in the cold with forty-five

percent aqueous phenol, a preparation which Westphal characterized as an

active glycoprotein was obtained in the aquecus phase; when the same
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extraction was performed at 65°C, carbohydrate and nucleic acids were
found in the agueous phase, with protein remaining in the phenol phase. In
either case, phospholipid was removed from the complex. A lipid component,
which Westphal termed lipid A, remained attached to the polysaccharide
(128); the phospholipid which was removed from the complex was loosely
bound, biologically inert lipid, termed lipid B, often associated with
complexes obtained using milder extraction methods.

In 1958 Tauber and Russell (115) modified Westphal's procedure slightly
using a twenty percent acetone solution of the aqueous phase as the

starting material for purification procedures. For the present study,

lipopolys;ccharides have been prepared from Vibrio fetus by this method
and by the dimethyl sulfoxide procedure of Adams (1).

Purified lipopolysaccharide preparations exhibit high toxic activity
as water-soluble colloids. By short-acid hydrolysis, endotoxic lipopoly-
saccharides may be dissociated into polysaccharide, lipid A and free fatty
acids (128, 81). The lipid-free polysaccharide component of endotoxins
constitutes the O antigen of each bacterial species. A large number of
polysaccharides have been analyzed (46) and the specific polysaccharides
of one serogroup were always found to be built up on the same series of
sugar constituents. These highly branched polysaccharides are sometimes
composed of as many as six different monosaccharides: hexosamine, heptoses,
hexoses, pentoses, 6-deoxyhexoses, and 3,6-dideoxyhexoses (46, 129).

The idea that the polysaccharide portion is composed of two parts,
core and side chain, was first proposed by Westphal and his co-workers (129)

as a result of extensive qualifative analyses of lipopolysaccharides from
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a number of Salmonella strains, including rough mutants. It was found that,.
although the sugar composition varies greatly from species to species, all
the strains examined contained at least glucose, galactose, heptose and
glucosamine, The glucosamine, however, was thought to be present in the
lipid rather than the polysaccharide portion. Also, they found that the
lipopolysaccharide of rough mutants is reduced in cbmpositior’l, in the

sense that it' contains only the aforementioned four sugars, however complex
the caomposition of smooth polysac;charides may be. On the basis of these
facts, Westphal and his co-workers suggested that the polysaccharides of
rough mutants might represent the central cobe portion of the more complex
polysacch;ride from the wild-type smooth strains, and the structure of the
core might be the same in all Salmonella lipopé:lysaccham’.des. They also
suggested that rough mutants might have lost the ablllty to make the side
chains or to transfer them to fhe core structure, and thus only the core
_structure remains attached to lipid A,

Since Westphal's initial work, other investigatbrs have continued to
elucidate both core and side chain structure and biosynthesis. Horecker
(37), working with rough mutant strains of Salmonella and using radiocactive
labeling techniques, found evidence for théﬁstructure of core poly-
saccharide as a polysphosphcheptose chain to which are attached alternate
glucose and galactose residues. Lideritz (59) reported observations

favoring the assumption that O-specific polysaccharides from Salmonella

minnesota and Salmonella ruiru contain a cammon basal core to which side

chains are attached. He proved the side chains are composed of repeating

oligosaccharide units which ca:c'ry the serological O-specificities., Mutants



14

defective in the synthesis of side chains contained the basal lipopoly-
| saccharide, and mutants with a deeper defect synthesized incomplete basal
lipopolysacchérides .

In sare bacteria the role of 3,6-dideoxyhexoses as irmmnologicaily
determinant end groups has been confirmed by the synthesis of a;r*tificial
antigens (60), Colitose (3-deoxy-L-fucose), the determinant terminal

sugar in the endotoxin antigen of Escherichia coli strain 0111, was

chemically coupled to an inert protein carrier (serum albumin). Injection
of the artificial colitose-protein éc:mplex led to the production of anti-
bodies which not only reacted with the artificial colitose antigen, but

also cross reacted with Escherichia coli 0111 and sérologically related

strains.
A camplete survey of the published findiﬁgs concerning lipopoly-

. saccharide complexes was not attempted here, particularly in regard to
their biological effects, since it is beyond the scope of this investiga-
tion. Among those who have reviewed the numerous studies in this area
are Westphal (124, 126), Lederer (56), and Westphal and Lideritz (128).
Also available is a recent monograph on the molecular biology of lipo-
polysaccharides (78) and a book on the proceedingé of .a 1965 symposium on

bacterial endotoxins (5u4).
Review of Lipid A

The 1lipid A component is prepared from the chloroform extract of the
hydrolyzed lipopolysaccharide. The amount of lipid A present depends on

the source of the complex: hbsfphal's summary data for several Gram-negative



15,

organisms show that lipid A forms between ten and twenty-six percent of
the lipopolysaccharide complex.

The chemistry of lipid A is incompletely h‘@m, but its main con~
stituents are D-glucosamine phosphoric acid ester and long-chain fatty
acids, including a large proportion of hydroxy fatty acids (126, 81, 102).

Ikawa et al. (38) have investigated a lipopolysaccharide complex

from Escherichia coli which caused hemorrhage of tumor tissue. This com-

plex contained nearly twenty-five percent bound lipid. A number of compo-

. nents in the 1lipid were identified:. 2-hydroxymyristic, lauric, myristic
and palmitic acids (39); gluco'sanﬁne, ethanolamine, and aspartic acid (40);
and a loné-chain diamine base, the structure of which was established as
4,5-diamino-N-eicosane (40), and which was named necrosamine. Necrosamine
has not been found in the lipid A components of other bacterial lipopoly-
saccharicies. | |

Purified lipid A prepafed from Escherichia coli, strain 08, by Westphal

et al. (130) contained nearly nineteen percent hexosamine, nitrogen -and
phosphorous in a ratio of approximately three to one,,‘and long~-chain fatty
acids. The preparation was obtained in only 0.5% yield, based on' the dry
weight of the cells, j.ndicating one major problem encountered in the study
of 1lipid A: obtaining a sufficién’t quantity of purified material for
chemical and biological studies.’

Burton and Carter (17) purified and characterized the lipid A component

of Escherichia coli, strain B4 0111, in 1964. Their analytical data are

consistent with a structure containing two glucosamine molecules, cne

.phosphate, three to four acetyi groups, and five long-chain fatty acids.
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From these data they have tentatively proposed a structure for lipid A in
which the basic unit consists of two glycosidically linked, fully acylated
glucosarine molecules to which the fatty dcids are held in ester linkages.

Previocusly, Nowotny (77) investigated the structure of purified lipid
A from several Salmonella strains. .'I’ne basic structure was identified as
a poly-D-glucosamine-phosphate chain in which the glucosamine is esterified
with fatty acids. Nowotny also found evidence for small amounts of amino
acics and thus proposed that a peptide component attached to the poly:-D-
glucosamine might serve as a linkage between the 1lipid and polysaccharide
moleties.

Evidence is accumulating, howaver, that 2-keto-3-deoxyoctonoate (XDO)
may function es the linking group between lipid and polysaccharide. This
keto acid was first discovered by Heath (38) as a component of Escherichia
coli lipopolysaccharide. Osborn (83) presented data suggesting that the
polysaccharide itself consists of hepfose ‘phdsphate chains terminating in
K00 which is at the recucing end of the chains and which forms the linkage
between the polysacchai*ide cnaJ.ns and lipid A, Horecker (37) conducted

studies on the structure of the polysaccharide in Salmonella typhimurium

lipopolysaccharide and has found similar evidence for the function of KDO.

His hypothesis suggests the reducing end is linked to the lipid through

either the hydroxyl groups of glucosamine or B-hydroxymyristic acid.
Identification of the products cbtained by mild hydrochloric acid

hydrolysis of Salmonella lipid A preparations revealed equimolar amounts

of 8-phospho-D-glucosamine, 4-phospho-D-glucosamine, and D-glucosamine (77).

.

‘From these data Nowotny postulates a tentative structure in which the
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D~glucosamine units are linked through phosphodiester bridges instead of
glycosidically. |

In previous studies with thin-layer chromatography on silica gel, Kasai
(48) revealed the presence of at least eight to ten components in lipid A
preparations. Relative amounts of these compenent lipids varied with
bacterial species, cultural conditions, and method of isolation. The major
difference noted at this time was the quantitative relationship of fatty
acids bound to each component.

Recently, Kasai (48) has extended this work in a comparison of the
chemical and biological properties of thin-layer chromatography components

isolated and purified from Escherichia coli and several strains of Bordetella.

Definite chemical qualitative differences were found between the lipid A
components of these two bacterial species and differences in contents, and

compositions were obtained from the same culture of Escherichia coli.

Investigations of the biological activities of these lipid components
suggested that the quantitative and qualitative differences have a marked
influence on the biological activities of their respective lipopoly-
saccharides. In general, higher toxicity and Schwartzman activity was
obtained from lipopolysaccharides rich in the lipid A components with the
highest Rf values on thin-layer chromatography. Also, the multifunctional
activities of the lipopolysacchafides were lost when the lipid moiety was
dissociated from the complex and strong toxic or Schwartzman activity could
not be reproduced by either component alone. Kasai concludes that the
structure of lipid A must have some influence on these activities through

formation of a macromolecular c’omplex with the polysaccharide.
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Review of the Toxicity and Virulence of Endotoxins and Their
Chemical Derivatives

Controversy exists and debate has been frequent and partisan over .
the portion of the endotoxin complex which is responsible for its toxic
properties. The lipid, polysaccharide, and protein materials associated
with these camplexes have all been suggested as responsible for toxicity.
While evidence is slowly accumulating indicating that lipid A is intimately
involved, it is still an unsettled question.

As early as 1955, landy et al. (55) found that it was possible to
remove virtually all protein from the endotoxin complex without reducing
its bioloéic potency. This findihg was reaffirmed by Ribi (95) and it
is now generally accepted that the protein moiety does not function in

toxicity. However, Jenkin and Rowley (4u4) have isolated a toxic protein

from Inaba and Ogawa strains of Vibrio cholera which accounted for the

major portion of toxicity of the whole organism. Immunological and
chemical data suggest that this is the toxic protein derived from the endo-
toxin complex. The lipopolysaccharides from these organisms were rela-
tively nontoxic when compared with lipopolysaccharides from other Gram-
negative bacteria, although they were similar in gross chemical caomposition,
i.e. containing pentose, hexose and heptose sugars, hexosamine and 20%
lipid.

Haskins et al. (34) have reported extensive alterations in lipopoly-

saccharide from Salmonella enteritidis which undergoes treatment with 0.1 N

acetic acid, the method of isolating lipid A. A striking reduction in the

toxicity occurred within minutes after exposure and continued progressively
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until, after 60-90 minutes, virtually all of the original activity had been
apolished. On the basis of this evidence, toxicity was attributed to
large complexes, while smaller units were found to be inactive. Ribi et al.
(94) also suggest that reactivity might be dependent upon macromolecular
properties; that is, a complex of critically large size is essential and
the destructive effect of acid represents a simple depolymerization. An
alternate possibility suggested by Oroszlan and Mora (82) was that the
major toxic properties were attributable to some small moiety whose attach-
ment to a macromolecular carrier is essential for activity.

In an attempt to evaluate this hypothesis, Beer et al. (8) have
recently éonducted a study of particle sizes and shapes in relationship to

lipopolysaccharide toxicity. Their lipopolysaccharide preparations from

Escherichia coli were fractionated by means of sucrose-density gradient
centrifugation folldwed by dialysis against weak alkali solutions to
dissociate the large polydisperse aggregates into smaller particles, This
dissociation was found to be accompanied by a marked increase in toxicity
and the isolation of slender, pilli-like rods (8) which gave the highest,
if not all lethal activity. The authors speculate that these rods may be
polymerized from different, less toxic subunits or, as Ribi suggested (9u),
may constitute only an efficient carrier for a hypothetical low molecular
weight toxin.

It is conceivable from these data, and that of Nowotny et al. (80)
showing marked heterogenity of purified lipopolysaccharide preparations,
that only a few among many kinds of lipopolysaccharide-protein particles
are toxic. In that event, the study of the chemical composition of
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lipopolysaccharides by classical chemical methods may not yield much infor-
mation about the toxic particle.

Nowotny (79) recently published a critical evaluation of the need for
a large size complex to express toxicity and presented preliminary results
of his own group (76), indicating that long chain carboxylic acids esterify
to hydroxyl groups of carbohydrate in the lipopolysaccharides, and that
these O-acyl groups are 4involved in the toxic effects.

Continuing these studies, Tripodi and Nowotny (119) examined the
}d.neti_cs of alkaline hydrolysis and its effects on lipopolysaccharides in
‘order to determine the smallest building block which would still retain
full 'potex.ucy. Alkaline degradation of the average particle size from nine
million to three million occurred during the first hour of hydrolysis, with
no affect on the toxic property of the lipopolysaccharide preparation. In |
three to svc hours, when detoxification became evident, only an eight per-
cent decrease in the light scattering ratio of the particles occurred
resulting in nontoxic particle of about one million molecular weight. Also,
the particle size determinations of other treated lipopolysaccharide pre-
parations showed no direct correlation between size and lethal potency.
Fatty acids, however, could be shown to be split from the preparation during
alkaline detoxification, a result which correlates with Nowotny's previoué
data on the essential nature of O-acyalated long-chain aliphatic com-

pounds (76).
These experiments indicate that while no significant changes in particle

mass occur during alkaline detoxification of lipopolysaccharides (119),

large dissymetry alterations became apparent and these can be interpreted
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as reflecting conformational changes in the endotoxic particles during
detoxification. This suggests that a specific steric 'ar'rwangement of
functiocnal groups is required for lethality, rather than a aritical particle
size.

A variety of techniques have been used to chemically modify lipo-
polysaccharides in an attempt to isolate particular linkages essential in
expressing toxicity. Among the earliest attempts was fhe work of Neter
et al. (73) who ihvestigated the effects of heat, sodium hydroxide and
periodate oxidation upon toxicity, pyrogenicity and the ability of entero-
bacterial lipopolysaccharides to modify erythrocytes so they would adsorb
homologou..;, antibody. Treatment with heat or mild sodium hydroxide for
short periods of. time was found to increase their capacity to modify
erythrocytes without altering their antigenicity. A marked loss in
toxicity and pyrogenicity was noted with both treatments. In contrast,
the toxicity and pyrogenicity of the periodate-treated preparation remained
in tact while antigenicity was markedly altered. The polysaccharide moiety
was shown to be disrupted by periodate treatment, with a C-C cleavage of
every fourth sugar residue resulting in two titratable aldehyde groups
per cleavage (73). |

Freedman (26) and Sultzer and Freedman (113) have described the
acetylation of lipopolysaccharides and the resultant dissociation of in
vivo biological effects. Acetylation resulted in loss of original lethal
potency for mice and rabbits, pyrogenicity in rabi:its, and in induction of
tolerance in both species. The .'detoxification found after aoefylation was

completely reversible by mild saponification, indicating introduction
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of O-acetyl groups had occurred. Thus, both acetylation (26) and de~
acylation (76) of native endotoxin preparatibns have resulted in their
detoxification.

Treatment of Serratia marcescens TCA extracted lipopolysaccharide with

boron ‘trifluoride, potassium methylate and pyridinium formate reduced the
toxicity, pyrogenicity and Schwartzman activity in mice and rabbits (48).

Antigenicity and hypotensive action on the other hand eppeared to be only

slightly diminished, The nature of the linkage disrupted by these reagents

AN

is unknown. Investigations ﬁ%ilizing weli defined chemical substances as
models possessing some of the linkages known to be present in lipopoly-
saccharides are being undertaken by Nowotny (79). Preliminary data have
revealed that the removal of short O-acyl linkages is a chéracteristic

common to all three reagents.

Noll and Braude (74) investigated the effects of chemical reduction

on the toxicity of Escherichia coli lipopolysaccharide extracted with TCA.

They prepared nontoxic and nonpyrogenic lipopolysaccharide of high immuno-
genic potency by reduction with lithium aluminum hydride. This treatment
reductively cleaves fatty acid ester bonds and thus affects lipid A
directly without concomitant damage to the polysacchdride chain. By
observation of the infrared sﬁedtra of the reduced product, the authors
reported no extensive fragmentétion occurs during reduction and éonclude
that a single molecular configﬁration is responsible for the toxic mani-
festatiqns of lipopolysaccharide. ‘

Fukushi et al. (28) have sharply criticized these experiments on the

basis that infrared spectra are not an adequate method of assaying changes
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in linkages with materials as large and complex as lipopolysaccharides.
In attempting to duplicate exactly the work of Noll and Braude (74) using

Escherichia coli extracted with TCA, they achieved no success in pre-

paring the lithiun; aluminum hydride reduction product. They cbtained
instead a ten percent yield of a pure unphosphorylated polysaccharide
which was neither antigenic, pymgenic or toxic, Also, they report no
correlation befw'een fatty acid ester content, as estimated from infrared .
spectra, and toxic properties of the lipopolysaccharide.

Kim and Watson (51) have conducted a very interesting experiment in
which they inactivated the lethal and pyrogenic activities of lipopoly-
saccharidés by treatment with the enzyme. papain., Papain is known to split
peptide, ester and amide linkages, a fact which may suggest the primary
toxicity is closely associated with N-acyl or O-acyl groups of lipid A,

Westphal et al. (127) believe lipid A is involved in toxicity. They
have prepared an artificial lipoprotein of which only lipid A was of
bacterial origin; this syﬁthetic n.nle.cule was pyrogenic and toxic whereas
the polysaccharides derived from the lipopolysaccharide were inactivg.
Ribi and Landy (93) have challenged Westphal's data on the basis that his
lipoprotein preparafions were not entirely free of polysaccharide and thus
may have contained residual amounts of lipopolysaccharide. They have
presented evidence (94) y indicating toxicity of lipopolysaccharides can be
attributed to the polysaccharide moiety. Their lipopolysaccharides, pre-
pared from Salmonella strains by aqueous-ether extraction, produced material
‘containing a very reduced content of lipid A without impairment of toxic or

antigenic activity. Furthermore, parallel biocassays of lipid A pi:eparations
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and the lipopolysaccharides from which they héd been derived showed that

the lipids possessed less than l%. of the potency §f intact lipopolysaccharide,
Nakano (71) has supportéd .the conclusion of Westphal et al. (127)°

that the polysaccharide moiety is not directly related to toxicity, by

testing lipopolysaccharides derived from mutants of Salmonella typhimurium -

defectlve in uridine dlphospho-galactose-u-epmerase. These mutants con-
tain only glucose in their cell wall and are ent:.rely lacking in galactose,
rhamnose, mannose and tyvelose, all of which are regarded as the usual
constituents of cell wall from wild type cells. Lipopolyéaccharide from
these epimer~less mutants showed the same degree of toxicity as the wild
type desp'ite the lack of these sugars. |

In direct contrast to Nakano's (71) results, Kessel et al. (S0)

reported Salmonella typhimurium mutants, with known differences in the

composition of their cell wall polysaccharides, whose lethality for mice
proved to be correlated with the complexity of the polysaccharide. For
example, no toxic effects were encountered with lipopolysaccharide from
heptose deficient mutants and relatively low toxicity characterized pre-
parations from mutants that contained only a heptosé-phosphaté backbone

or from mutants with heptose-phospﬁate backbone plus glucose. The aufhors
have suggesteci, in view of thes;e resﬁlts, that susceptible cells may differ
as a function of the polysaccharide constitution of the lipopolysaccharide
used and that lipid-A does not function as the primary determinant in

toxic reactions.

It is evident from this review that while the chemical basis of toxicity

in lipopolysaccharides has not been fully elucidated, progress toward this
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goal has been achieved. Investigations aimed at correlating toxicity or
content of lipopolysaccharides with the virulence of their respective
bacteria have not been as successful.

Although several attempts have been made to correlate the virulence of
Gram-negative bacteria with their lipopolysaccharide content or composi-
tion, no direct relationship has been discovered. Studies have been con-

ducted on Brucella abortus (4, 108), gonococci and meningococci organisms

(105, 2, 16), and Salmonella pullorum (18) comparing lipopolysaccharides

extracted from virulent and avirulent strains of these organisms. Very

slight differences were found in the toxicity of equal. amounts of lipo-

'polysacchéride regardless of the virulence of the strain., Baker et al, (W)

have also indicated that nutritional and metabolic differences between |

strains of brucellae of high and low virulence directly affect their

ability to multiply intracellularly and consequently are related to virulence.
In our own laboratory, previous studies (120) conducted with three

strains of Vibrio fetus differing markedly in virulence for cattle showed

no differences in the toxicity of their respective lipopolysaccharides.
There have been cases reported, however, in which lipopolysaccharide has
induced abortions: Escherichia coli lipopolysaccharide in doses as low as

5 micrograms was shown to produce abortion in 85 percent of pregnant mice
(92). The aborting effect of lipopolyséccharide probably does not occur
simply as a result of making the mother quite ill., Zahl énd Bjerknes (13u4)
were able to abort pregnant mice ;«without any associated mor'tality. In
addition, Thomas (116, 117) has shown that the lefhal and abortive effects
of lipopolysaccharide can be dissociated by using cortisone which protects

against toxicity but not against the abortive reaction.
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Despite the fact that no direct relationship has, as yet, been found
between toxicity and virulence, it is possibie that the disease state
associated with Vibricsis leading to abortion and death of the fetus could
be caused by release of endotoxin during the acute stage of infection. The
physiological mechanisms involved in endotoxic-induced abortions in mice
are currently under study by Kass (49) who has aiso suggested that endo-
toxin complexes might be one éause of pn;nh\ature births and abortion in

human beings (43).
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EXPERIMENTAL METHODS

The variety of procedures presented here represent ‘experiments inci-
dent to the achievement of the objectives of this work. This section is
divided into six parts. Part I is concerned with the general methods used

in this study. Part II pertains to the isolation and purification of

lipopolysaccharide from Vibrio fetus., Part III deals with the isolation - -
and purification of lipid A from the purified lipopolysaccharide and
parts IV and V deal with the chemical and structural studies conducted on
purified 1lipid A. Part VI concludes this section with the experimental
procedures used in evaluating the toxicity of lipid A and lipopolysaccharide
preparations.. |
An outline of the general experimental pattern of this study appears
below, Detailed discussion of the techniques follows the outline.
I. General Methods
A, Paper chromatography
B. Infrared spectrophotometry
C. Melting point determinations
D. Thin-layer chromatography
II. Isolation and Purification of Lipopolysaccharide
A, Crowth, harvest and storage of Vibrio fetus cells
B. Phenol-water extraction
C. Acetone-NaCl precipitation

D, Differential centrifugation
E. Chemical analysis of fractions obtained by purification

III. Isolation and Purification of Lipid A

A, Acid hydrolysis of lipopolysaccharide with 0.1 N formic acid

B. Chloroform extraction of lipid A from the hydrolysate

C. Acetone extraction of chloroform soluble crude lipid A

D. Colum chromatography of crude lipid A on organic Sephadex
and silicic acid
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VI,

E,
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Qualitative examination of the fractions from silicic acid
chromatography

1. IR spectrophotometry
2. Paper chromatography of acid hydrolysates
3. Thin-layer chromatography

Chemical Studies on Lipid A

A,

B.

Analytical data

1. Solubility and melting point

2. Nitrogen and phosphorous content

3. Total fatty acid content '

4, Qualitative and quantitative hexosamine analysis

5. High voltage electrophoresis (fingerprinting technique)
6. Analysis for fatty acid ester and amide

7. Test for reducing sugar

Analyses of fatty acid components

1. Preparation of methyl esters

2, Isolation of hydroxy fatty acid esters

3. TIC of fatty acid esters

4, Vapor phase chromatography of fatty acid esters
5. Qualitative vinyl ether determination

6. Iodination and bromination

Qualitative Structural Studies on Lipid A

A,

" B.

Evaluation of the linkage between lipid and polysaccham.de

“moieties

1. Evaluation of a possible peptide linkage by mild alkaline
degradation
2. Analysis.for 2-keto-3-deoxyoctonoate (KDO)

Determination of the linkage between glucosamine residues

1., Alkaline degradation studies
2. Sodium borchydride reduction studies

Toxicity Studies of Lipopolysaccharide and Lipid A

A.
B.

Assay method for toxicity
Preparation of chemically altered lipopolysaccharide

- 1. Papain-treated lipopolysaccharide
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2., Periodate~treated lipopolysaccharide
3. Sodium hydroxide-treated lipopolysaccharide
C. Preparation of an artificial lipoprotein

General Methods

I, Paper chromatography
A. Chromatographic spray reagents

1. Ninhydrin (12) - Ninhydrin spray reagent containing 0.3%
ninhydrin in ethanoll was used for all determinations, The spots were
usually developed without heating.

2. Periodate (12) -

Solution 1: 2% sodium metaperiodate,

Solution 2: 1% potassium per—anganate in 2% sodium
" carbonate.

Four volumes of solution 1 were mixed with one volume of
solution 2 immediately before use., Each chromatogram was
allowed to develop for 10 to 15 minutes, then washed with.
tap water and air dried., The spots appeared as tan spots
against a white backgr;ound.

3. Acid aniline phthalate (12) - To 100 ml. of water-saturated
n-butanol, 1.66 g. phthalic acid and 0,93 g. aniline were added, This
solution was used to spray the clmnatogréms which were then air dried and .
heated at 110°C for 5 minutes. The spots which appeared are reddish to

light brown in color.

-

1Sigma Chemical Company, St. iouis, Mo.



30

4, Hanes-Isherwood spray (12) -

Perchloric acid (60%) e« ¢ o o o6 ¢ 06 s s s o ¢ s o Hml.
Hydmc}'llor'ic acid (LN ) ¢ ¢ ¢ s o« 0o e 00 o o o 10 ml,
Amlmnimn HDledate (q'g) ¢ o o o s o o s 0 s s o o 25ml.
Watel « o o ¢ o4 o ¢ ¢ ¢ ¢ o o 6 ¢ 8 s s s s s s o 60ml,

The thoroughly dried chromatogram was sprayed with this solu-
tion using an ail glass sprayer. The chromatogram was air dried, then
exposed to ultraviolet light. Organic phosphates gave blue spots,
while inorganic phosphate gave a light green coloration.

5. Elson-Morgan reagents (85) -
a. Acetylacetone reagent
. Solution 1t 0.5 ml. of .acetylace'tone dissolved in 50
ml. of n-butanol.

Solution 2: 50% (w/v) aqueous KOH (5 ml.) in 20 mil.
absolute ethanol. Solution 2 (0.5 ml.) was added to solution 1
(10 ml.) just before using. ‘The reagent ;ﬂas not stable.

b, p-Dimethylaminobenzaldehyde reagent

One gram of p-dimethylaminobenzaldehyde was dissolved in
30 ml. of absolute ethanol and 30 ml., of concentrated HCl.

This stock solution was diluted 1:3 (v/v) with n-butanol just
before using.

The dried chromatogram was sprayed with reagent 1, air
dried, and heated for 5 minutes at 105°C. The chromatogram was
then sprayed with reagent 2, air dried, and returned to the oven
for 1 to 3 minutes, Under these conditions, free ﬁexdsamines gave

a cherry red color, while N-acetylated hexosamines gave a strong

purple color.
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B. Development of chromatograms For most chromatography, What-

man No. 1 filter paper sheets wére used, When specified, borate impreg-
nated paper, as prepared by the following pmcedure;. was substituted: .

To 12 g. sodium tetraborate and 7 ml., 6 N HCl, add 200 ml, distilled water.
Dip sheets of Whatman No. 1 filter paper in the solution, blot the sheets

to remove excess solution, and air drvy.

II. . Infrared spectroscopy

Infrared spectra were obtained using a Beckman IR9 double beam
spectrophotameter., Samples were prepared in spectrophotometric grade
chlomforﬁx.l '

III. Melting point determinations

The melting point appa.r'a‘cus2 .employed consisted of a polarizing micro-
scope equipped with a glass covered, electrically heated stage and a
thermometer calibrated in degrees Centigrade. The melting point of a
lipid sample was considered to be the point at which a clear melt of the

substance was rapidly produced.,

IV. Thin-layer chromatography -

Samples of crude lipid A, fractions of lipid A from colum chroma-
tography, and preparations of fatty acid esters from lipid A were analyzed

lSpectrar chloroform, Mallinckrodt Chemical Works, St. Louis, Mo,

2r;sher-Johns melting point apparatus, Fisher Scientific Company,
Pittsburgh, Penn,
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by thin-layer chromatography. Silica gel HRl ‘and MN-Kiselgel G-HR? were‘
used as adsorbants; thin layers (0.5 mm. thick) were prepaxéd with 0.02 N
sodium acetate adjusted to pH 8.0 and used without. activat:im.

Solvent systems most' commonly employed included"’che' following:

1. Chloroform:methanol:water, 65:25:4 (v/v)

2. Methylene chloride:methanol:water, 7:3:0.4 (v/v)

3. Trichloroethylene:methanol:water, 7:3:0.4 (v/v)

4, Hexane:ethyl ethef, 85:15 (v/v) - fatty acid esters

The chromatographs were developed at 20 to 25°C for 30 to 45 minutes
and the spots detected with Rhodamine B (7) ».a general lipid reagent; 2,6-
dichloroquinone-chlorimide-borax (86), a phosphate ester spray; bramothymol
blue in dilute NaOH, for fatty acid esters; and by héétmg for 30 minutes
after spraying with equal volumes of 20% ammonium sulfate and 20% ammonium
hydro.gen sulfate (135), Unless otherwise described, 10 to 20 ug.(s ul. of
the chloroform solutions of each lipid fraction were applied on to the

silica gel or Kiselgel layer.
Preparation and Purification of Lipopolysaccharide

I. Source of bacteria

The bacteria used in this study were strain 925 of Vibrio fetus fur-

nished by J. H. Bryner'3 from stock cultures maintained at the National

" Animal Disease Laboratory.

1silica gel HR, Brinkman Instruments, Inc., Westbury, L.I., New York.
2I“IN-Kiselgel G-HR, Brinkman Instruments, Inc., Westbury, L.I.,
New York.

35, H. Bryner, U, S. Department of Agz‘icﬁltm'e, National Animal Disease
Laboratory, Ames, Iowa.



33

Approximately one-half of the cells were grown in Manclark and
Pickett's (63) liquid culture media in 5 liter quantities using the New
Brunswick Fementor'.l The cell crops, harvested at maximum growth as
determined by turbidity readings, were centrifuged at 5,000 xg for 20
~ minutes to sediment the cells., After.the supernatant fluid was pour-ed
off, the cells were washea twice with 0.85% (w/v) sodium chloride
(physiological saline), centrifuged at 5,000 xg, and frozen until use.

The remainder 6f the ceils used in this study were grown by Fort
Dodge Laboratories, Inc. from the same strain and using the same media..
They were shipped to us in the -fr‘ozenvstate; cellé from each shipment of
bacteria \:Jere subjected to the Gram stain (31), and exanﬁ.ned under the
oil immersion microscope and with the electron microscope. In each case,

Gram-negative Vibrio were the only cells observed. Considerable breakage

of the cells was “also observed, probably caused by freezing and thaﬁing.

II. Isolation of lipopolysaccharide

Vibrio fetus cells were exfmcted by the phenol-water extraction

method, as first described by Westphal (128) and as modified by'Taub_er and
Russell (115), The prr;‘ced_ur\e is sumarized in Figure 1. To each volume of
cells, washed twice with three volumes of 0.85% sodium chloride, were added
two volumes of redistilled phéhbl and one volune of distilled water. The -
mixture was blended for eight minutes and cooled to 20°C, After centrifu-

gation for 10 minutes at 3,000 xg the mixture separated into two phases '

X INew Brunswick Fermentor Model FS-307, New Brunswick Scientific
.Company, Inc., New Brunsw:.ck, New Jersey.
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~
LI

and a fluffy, white interface; the clear upper phase and interface were
siphoned off and the lower phase, containing proteins ﬂd peptide material,
‘was extracted with distilled water and centrifuged again. The upper

phases and interface material were combined and centrifuged again for 20

fu
"o

minutes at 3,000 xg.  The combined supernatants were dialyzed against <t
water for two to three days and against distilled water for cne day.

To isolate lipopoly ch.CCﬂEI‘..O.G, sodium cn-om.de (1 mg./1 ml.) and two
volumes of cold acetone were added to the d:_a_yzed supernatant. The
precipitate was removed by low. smed -centrifugation, dissolved in distilled
water, and centrifuged at 3,800 xg. The sediment was discarded and 0.2

'
volumes of cold acetone were added to the opalescent supernatant. The
mixture was centrifuged for one hour in a Servall type SS1 cerri:rifuge:L at
35,000 xg. The supernatant, presumed to contain mainly nucleic acids,
was discarded. The sediment was dissolved in distilled water and centri-
fuged again for 1 hour at 35,000 vg The resultant .sedimant was dissolved
in distilled water and lyophilized., This materiél, similar to that
isolated by Tauber and Russell (115), was presumed to be the crude lipo-
polysaccharide. Portions of the crude lipcopolysaccharide were removed .
and saved for initial biological assays. Some purification was achieved .
by adding distilled water at 90°C to the crude material in small portions
until a fineal concentration of 2 mg./ml, was obtained. The lipopoly-
saccharide was egain centrifuged for 1 hour at 35,000 xg, and the sediment

was dissolved in distilled water and lyophilized. A white, fluffy,

3'Ser*va.l:l. Typé SS1 Centrifuge, Ivan Sorvall, Inc., Norwalk, Connecticut.
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BACTERIAL CELLS
Vibrio fetus 423

l. Phenol-H70 Extraction: moist
cells suspended in three times
their wet weight of u5% phenol.
Kept at 4°C for 30 minutes with
occasional stirring,

{2, Centrifuge at 6,000 xg.

"PHENOL LAYER
PROTEINS

2. Centrifu

*l.' Re-extract for several
hours with Hp0.

WATER AND ITNTERFACE INSOoLUBLE

LAYER RESIDUE
LPS And NucleicAcids

e

COMBINED WATER AND

Figure 1. Preparation

INTERFACE LAYERS

1. Dialyze two to three days against.
tap water, one day aga:mst dis-
tilled water.

2. Add NaCl (1 mg/ml) and acetone
(0.2 volumes) to dialysate.

3. Centrifuge at 35,000 xg; lyophilize

CRUDE LIPOPOLYSACCHARWE

20 toe ‘2.5 %X Yield

of crude lipopolysaccharide.
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hygroscopic pcwder was obtained. It resembled the product cobtained by

Tauber and Russell (115) from Escherichia coli using this procedure and
was presumed to be crude lipopolysaccharide, based upon analyses for

nitrogen, phosphorous, total carbohydrate and lipid (Table I).

III. Routine purificetion of crude lipopolysaccharide

A combination of low speed centrifugation and high speed centrifuga-
tion from 1 N NaCl solution has been found to give a lipopolysaccharide
fracticn which is free of nucleic.acids and peptiées (fraction IV);&a
fraction of high nucleic acid content (fraction II), and two.peptide frac-
tions (fractions I and III). This procedure is outlined in Figure 2.
Analytical data for each of the fractions prepared in a typical run are
given in Table I; ultraviolet absorption spectra fér the different frac-
tions are given in graphs la and 1b.

The purified lipopolysaccharide obtained in fraction IV was used as
the starting material for preparation of lipid A. Fraction II appears to
be largely nucleic acid, while nucleic acid contamination has been removed
from fraction IV: the purified lipopolysaccharide. Fractions I and IIT,
of high nitrogen content, did not have marked ultra&iolet absorption,
suggesting that these fractions were largely peptide contaminants. Paper

chromatography of the acid hydrolysates (6 ﬁ_HCl,‘G hours at 100°C) of

the different fractions confirmed this suggestion.

Preparation and Purification of .Lipid A

I. Hydrolysis and extraction of crude lipid

A. Preliminary experiments Lipid A can be split from lipopoly-

saccharide preparations with different types of acidic hydrolysis.
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CRUDE LIPLPOLYIAICHARIE
N: 30.’ ;’6‘ P: Z-? %

the cold.

N27.8% Pz2L8%

1, Suspend in distilled water 2%
w/v. Stir for several hours in

2. Centrifuge for 10 minutes at
5,000 xg. Repeat.

SOLUTION

1,
2.

3.

Add NaCl to 1 N.

Add two volumes of
cold acetone.

Centrifuge at 35,000 xg.

PRECIPITATE

SUPERNATANT
F-I N=9%4% P=5u%]|

PRECIPITATE

F-1r less than 03%Yield] .
N=53% P=o6 % 5-8% N=28% P=2.0%

1. Suspend in distilled water.

2, Centrifuge at 5,000 xg for 10 minutes.

SUPERNATANT
E-IT Purifisd LPS

Figure 2., Purification of crude lipopolysaccharide.
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Table I. Analytical data for fractions prepared during the routine
purification of crude lipopolysaccharide

N % P% Sugar % Lipid %

Crude lipopolysaccharide 3.7 2.3 ug 9.3
: Pl | 7.8 1.8 —— ———
F-I1 9.1 5.1 ——— —
F-IIT 5.3 0.6 —— ————
F-1V 2.8 2.0 6447 21
0.1% RQUEoUS SoLuTIONS o.1% AQUEouS SOLYTIONS
Crude LPS —F——i— FT (PeeTivg) —@—->ml—
Puri{ied LPS(FIY) —Oo—0= EX (N.A) —e—eo—

FIIL (PeeTive) ~&—k—

0.3 r o3

il

ulr

[

L

.
360 2% A%o 210 260 250 =240 300 190 240 270 260 250 240

M AL : mm

Graphs 1la and 1b. Ultraviolet absorption spectra of fractions prepared
during the routine purification of lipopolysaccharide.
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Boivin et al. (15) first used 0.2 N acetic acid at 100°C to precipitate
lipid A from endotoxin compléxeé in 1233. After this first report of the
isolation of a biologically a;cti\_/e lipid from g;;ldc;;OXMS, several other
workers described the cleavage of endotoxihs into a haptenic poly-
saccharide and a nitrogen-containing phospholipid (;25, 30, 87).

In addition, all methods described not only split lipids from other
parts of the endotoxin complex but liberate and precipitate 40 to 60% of
its long chain fatty acid content during hydrolysis. This fact shows that
these methods not only liberate bound lipids but partially destroy them
.as well., Our preliminary experiments were aimed at determining the
hydrolysis conditions which would give a prbduct with the highest yield of
| bound lipid and the lowest percentage of free fatty acids in the crude
lipid mixture, thus, showing less deg*adation' of the lipopolysaccharide
components,

Samples of purified Vibrio fetus lipopolysaccharide (100 mg.) were

réfluxed at 100°C for 30 minutes using 0.1 N and 1.0 N hydrochloric acid,
0.2 N acetic acid, and 0.1 N formic acid. The crude lipid A mixtures were
extracted with chloroform, dried, and weighed in tared beakers. Free
fatty acids were then extracted with acetone and aliquots of the crude
mixtures were analyzed for carbohydrate content. |
The crude lipid A derived from both hydrochloric acid hydrolysates
contairied high amounts of free fatty acid, a _cbndition that indicates
extensive degradation occurs using these reagents. Hydrolysis with 0.2 N
acetic acid gave a slightly greater yield of crude lipid and 2% less free
fatty acid content than did hydr'olysis with 0.1 N formic acid. The results

obtained are shown m Table II.
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Table II, Comparisons of crudé lipid A obtained by different hydrolytic

methods
Hydrolysis for Crude lipid A Analysis of crude lipid A
30 minutes with yield % Free fatty acid Anthrone positive
: content % carbohydrate %

0.1 N HCL 12 oLy ' 4.8

1.0 N HC1 b 52 3.9

0.2 N Acetic acid 21 _ 14 ' 7.5

0.1 N Formic acid 18 16 ' 2.8

The Gata of Table II also show the anthrone positive carbohydrate
content of the crude lipid A obtained by different hydrolytic methods., The
relatively low carbohydrate percer;‘cage of the lipids indicates that ’chése
treatments removed most, but not all, of "the polysaccharides. Hydrolysis
with 0.2 N acetic acid was the .least effective from this point of view.

On the basis of yield, amount of degradation, and carbohydrate content
found in each of the lipid preparations, hydrolysis with 0.1 N formic acid
was the hydrolytic method giving the optimum preparation. |

B. Routine extraction of crude lipid A Purified Vibrio fetus

lipopolysaccharide (1.0 g.) was added, with. stirring, to 100 ml., of 0.1 N
formic acid which was heated to 85°. The mixture was heated under refluxing
conditions for 30 minutes, then cooledA in an ice bath. The reaction mix-
ture was milky in appearance, with white particles in suspension, Chloro-
form, in five 50 ml. portions, was used to extract the mixture. The com-
bined chloroform extracts were washed three times with 50 mi, portions of

distilled water, then dried in vacuo to a final weight of 180 mg. (18%).
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The acidic layer was subjected to 15 minutes additional hydrolysis,
after which an average of 22.4 mg. of additional material was released by
chloroform. The écidic layer was concentrated and its acidity increased
to 0.5 N formic acid. Hydrolysis for 2 hours at this normality released
very small emounts of additional lipid, generally less than 3 mg. On the
basis of this experiment, the hydrolysis conditions were changed slightly

in that the time of hydrolysis was increased to 45 minutes.

II. Acetone fraecticnation

The chloroform soluble extract f;:orrx the lipopolysaccharide was ex-~
tracted three times with hot acetone in 15 ml. portions. The acetone in-
soluble lipid was collected on a filtér, dissolved in a minimum amount of
chloroform, and precipitated with three volumes of acetone. The precipi-
tate was again collected on a filter, dried and weighed to give acetone
insoluble lipid A, The acetone soluble lipid when dried in vacuo accounted

for 8 to 10% of the crude extract.

III. Colum chromatography of lipid A

A. Chromatography on organic Sephadex Using high flow rates a
colum of 50 x 1.5 cm, was packed with Sephéidex LI—I—ZOl in chloroform. This
was done because the gel has a lower specific gravity than chloroform and
tends to float in the solvent at slower rates. lOnce packed, the gel was
secured in place with a teflon plunger.

Acetcone insoluble lipid A was applied to the colum and eluted with

chloroform at a flow rate of 1 ml./min. A typical separation gave two

lSepl'xack-:x 1H-20, Pharmacia Fine Chemicals, Inc., New York, New York.
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fractions: the first eluted just after the hold-up volume and constituted
94 to 98% of the lipid samples; the second fraction was eluted in the

30-40 ml. aliquot after the first fraction. Both fractions wefe examined
qualitatively by infrared spectroscopy. Fraction I gave an absorption
typical of lipid A spectra obtained in our previous studies (120); fraction
IT shows a'series of sharp, progression peaks between 1380 o™t and 1180
cmfl, considered typical of fatty acid absorption.

B. Silicic acid chromatography Lipid A (fraction I, 503 mg.) from

the‘Sephadex column was applied in chloroform (10 ml.) to a column prepared
from silicic acid:celite (4:1) by the method of Rouser et al. (100). This
‘method consisted of washing successively with methanol, chloroform:methanol
(1:1), three volumes of chloroform and one volume of methanol under gentle
suction from a water purp. The material was dried, then activated by
heating for 12 hours at 110°C before it was used to prepare the column.
ter application of the sample, the colum was eluted with 100 ml. of

CHClz, then successive 200 ml. volumes of CHClz:MeOH in the proportions
9:1, 8:2 and 7:3, respectively. Finally, 200 ml. of 95% aqueous MeOH was
used to strip the colum. Just before each eluant was changed to the next
one of increased polarity, 5 ml. of the eluting solvent was collected in
a separate vessel, dried and weighed, to check the completeness of elution
with that solvent. The results of chromatography are summarized in Table
III.

Of the lipid applied to the column, 395.2 mg, was eluted by CHClg:MeOH
(9:1). This fraction was applied to another’silicic acidicelite colum and
chromatographed in an identical manner. In this case 367 mg. (93%) was

eluted by CHClg:MeOH (9:1).
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Table III. Column chromatograpny of lipid A (silicic acidicelite)

Eluant Volume of Weight of Percent
Fraction CHClg :MeCH eluant, ml. fraction, mg.
1 100% - 100 4.8 0.9
2 9:1 | 200 395,2 79
3 8:2 ) 200 34.1 6.8
4 7:3 200 18.8 3.8
5 95% aqpeéus 200 27.0 5.4

Total recovery 95.9%-

A second aliquot of fraction I (304 mg.) from organic Sephadex

chromatography was chromatographed on silicic acid:celite.

The elution

pattern was similar to the first colum: 234 mg. (77%) was eluted by

CHCl3:MeCH (9:1) and rechromatographed to give 222 mg. (95%) of fraction II.

IV. Qualitative examination of the fractions from silicic acid chromatography

A. Infrared spectra The infrared spectrum of fraction I from a

typical column chromatogram shows marked carboxyl absorption at 1705 cm™

1

and a series of progression peaks between 1380 em™L and 1180 em™L, typical

of fatty acid absorption. The spectra of fractions II, III and IV reflect

a progressive decrease in the ratio of carboxylester absorption at about

1735 cm~l to the acid amide absorption at 1650 cm™Ll. The spectrum of

fraction IV shows an additional weak absorption at 1270 cm~

s an absorption

assigned to the phosphate group. The infrared spectra of fractions I and II

are reproduced in Figure 3 and the assignments of structure are summarized

below.
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Pésition of Peak Assignment (9v,_5, 6)

Broad 3100-3600 cm™+ ~NH-, possibly OH
2850, 2920 | © -CHp, -CHg
1720 ~COOR

| 1655, 1545 ;  _coNE-
1465, 1380 | CHz-, -CHy-
Broad 1150-1180 | -COOR
Broad 855 ' a-Pyranose form

B. Paper chromatography Approximately 10 mg. samples of each of

the lipid fractions were transferred to 2.5 ml. vials; 1.0 ml. 6 N HC1

was ‘added to each sample, and thé vials were sealed. The hydrolysis
mixtures were heéted at 100°C for 6 hours. Following hydrolysis, the

acidic solutions were clarified by centrifugation, then evaporated to dry-

. ness in a vacuum desiccator over NaOH -pel;Le'Fs to remove most of the strong
acid. Suitable dilutions of the samples witl:x distilled water were made
before applying the samples to Whatman No. 1 filter paper for chromatography.
The chromatograms were developed in isopropanol:acetic écid:water, 3:1:1
(v/v), ascending.

The water solublé components in the acid hydrolysates were detectéd,
following chromatography, with ninhydrin, periodate, acid aniline phthalate
and Elson-Morgan spray reagénts. Glucosamine, after treatment with the
same acidic conditions, v}as chromatographed as a staﬁda:rd and glycerol was
also used as a chromatographic .star;dard. The results of these chromato-

. grams are summarized in Figures U4 and 5.
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C. Thin-layer chromatography Fractions I through V were analyzed

for hemogeneity on Silica gel HR and Kiselgel absorbants as described in
section IV under General Methods, page 31. Fractions I and II moved as
single components in ail solvent systems tested., Fraction I, less than 1%
of the crude lipid, moved in all cases with the CHCl3:MeOH solvent front
and probably comprises free'fatty acids as indicated by the infrared
spectra. Fraction II, 75-77% of the crude lipid A, was detected by ultra-
violet light and lipid and phosphate spray reagents as one spot with Re
values between 0.5 and 0.7 depending upon the solvent system used.
Fractions III, IV and V were not separable in any of the solvent
systems tésted. They gave a tailing or smearing effect for the most part,

with occasional spotting of the bulk of a sample at Rf values lower than

that of fraction II. -
Chemical Studies on Lipid A

I. General properties

Upon chromatography of the acetone insoluble lipid from Sephadex
fraction I on silicic acid, as described in the previous section, most of
the lipid was obtained in fraction II. This fraction was rechromatographed
on silicic acid; the lipid in fraction II from this second chromatographic
column was termed lipid A-II.

A-II is a c¢lear, light tan, waxy solid, m.p. 205-208°C., Of the common
laboratory solvents, only chloroform and pyridine dissolve the lipid com-
pletely; it is insoluble in hot absolute ethanol, ether, methanol, acetone,

benzene, and dimethylsulfoxide.
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II., Partial chemical characterization

A. Analytical data

1. Nitrogen - The modified Kjeldahl microprocedure for samples
of 20-100 ug. was used to determine nitr*ogén.

2. Phosphorous - Phosphorous was determined coloromatrically
with N—phenyl—p—phenylenedia;ﬁhe reagent ;cégrding to the procedure of
Dryer et al. (22). All samples were read at 350 mu on the Beckman Model
DB spectrophotometer. Potassium dihydrogen phosphate standards covering
tﬁe range of the determination (0.2-10 ug.) were run concurrently.

3. Total fatty acid content - A~II (25.2 mg.) was hydrolyzed
with 6 N HCL (0.1 ml./2 mg. lipid) for 6 hours, The reaction mikture was
extracted three times with chloroform. The chloroform extracts were
washed with distilléd water and dried under reduced pressure. The dried
extfacts were completely solubie in acetcne, The yield from A-II was
15.6 mg. (62.4%).

u, Qualitative hexosamine determination - Routine paper chrorziatc'a-"
graphy of the acid hydrolysates of A-II (6 N KCl, for 6 hours at 100°C)
was carried out using isopropaﬁol:acetic acid:water, 3:1:1 (v/v), ascendipg.
" The chromatogram was sprayed wn;:th Elson-Morgan reagents, which revealed
the presence of one cherry red spot at the same Rf as acid-treated glucos-
amine, To distinguish between the hexosamines, glucoéanﬁne, galactosamine
and manriosamine, acid hydrolysates of A-IL were acetylated according to -
Crumpton's modification (19) of the method of Roseman and Ludowéig (99).
To 1 ml. of a solution containing approximately 2 mg. of anino sugar was
added 1.5 ml. of 0.5% NaHCO3 sc;lution. and, immediately, two drops of acetic .

anhydride. The mixture was shaken and allowed to stand at room temperature
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for 24 hours. Sodium ions were removed by passage through a small
colum of Dowex -50 resin (H*l form)‘; the eluate was dried in vacuo, then
redissolved to give a 0.1% solution.

The ‘acet'ylated acid hydrolysates were chromatographed on borate-treated
paper in n-butanol:pyridine iwater, 6:il4:3 (v/v), descending. It has been
reported (112) that under these conditions, N-acetyl galactosamine and
N-acetyl mannosamine move together at approximately half the Rg of N-
acetyl glucosafnine. Samples of glucosamine and galactosamine were acetyl-
ated an& chromatographed with A-II. After development and drying, the
chromatogram was sprayed with the Elson-Morgan reagenfs. The results are
represent;.d in Figure 6. -

The acetylated acid hydrolysate of A-II was also subjectéd'to the
fingerprinting technique of Ingram (41), as suggested by Salton (101), who
reported a separation of N-acetyl muramic acid from N-acetyl glucosanﬁné
under these conditions. Glucosamine, N-acetyl glucosamine, N-acetyl
muramic acid and N-acetyl-6-phosphoglucosamine were used as standards.
6-Phosphoglucosamine, reported "as a constituent of lipici A from Escherichia
.C_Olé_ (77), was prepared by '*che method of Jourdian and Roseman (47) land
acetylated as described before. A~II and the standard preparations were
chromatographed on Whatman No. 3 mm filter paper in isoprop;anol:acetic
acid:water, 3:1:1 (v/v) for 11 hours, dried, and sprayed with pyridine:

acetic acid:water, 10:0.4:30 (v/v) prior to electrophoresis. The moist -

paper was immediately placed in the high voltage electmphoratorl and

lh:.gh Voltage Electrophorator, Model D, Glbson Medical Electronics
Co,, Middleton, Wisconsin,



S0

electrophoresed for 2 hours at 2,000 volts, 150-200 milliamperes., The '_
sheets of paper were removed, dried at room temperature overnight and
sprayed with the Elson-Morgan reé.gents. Cnly one spot was observed in '
the acid hydrolysate of A~II as represented in Figure 7.

5. Quantitative glucosamine determination - The method of Elson
and Morgan (24), as modified by Rondle and Morgan (98), was used to deter—
mine the amount of glucosémine present in lipid A-II. The‘.tes_t sample;s
(10-15 mg.) were first hydrolyzed with 6 N HC1 for 6 hours. The hydroly-
sates were diluted to 2 N acid, then applied to small columns of Dowek-so
(200 to 400 mesh, H' form), :as described by Boas (13). Each colum was
eluted first with 10 ml. 'of distilled water, then with 10 mi. of 2 N HCL;
the acidic eluate containing the glucosamine to be measured wés .collected
in a 10 ml, voJ?u_xl‘etric flask.

| The vwater eluate contained neutral sugérs; since any glucosamiﬁe
which was still phosphorylated would also be eluted in this fraction, an
aliquot -of this eluate waé tested for the presence of glucosamine, The
hydrolysis ‘of glucosamine-phosphate was apparently complete under the
conditions used, however, since no glucésamine was detected in this frac-
tion from hydrolyzed samples. Because of the im;ﬁortance of complete
~ hydrolysis to the quantitative measurement of glucosamine,}his observa-
tion was confirmed by subjecting the acid hydrolysate of A-II to high
voltage electrophoresis, together with standard solutions of glucosamine
and glucosamine-6-phosphate. The ‘glucosamine-s-phospﬁ.ate was prepared in
our laboratory by the method of Jourdian and Roseman (47). The conditions
for electrophoresis were the same as those described previously for Ne

acetylated hexosamines, but amitting the ‘chmmatography in this case. After



51

Lieio A-X N-ac- Gm N- ac-6alm.

9
0
VVAAANAA

Figure 6., Paper chramatography of acetylated hexosamines on borate
treated paper. o

£ Origin ~ | LOv-‘ gin

x Z x .
red % 0 e ved
purple 0 g caim o
Not g o " am
+ Acedylated Acetyinted | e A + N-dcs Gm -
¢
&« .0 .
3 N-ac-mdramate
Lieip A-I STANDARDS

Figure 7. Fingerprinting (paper chromatography followed by high voltage
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electrophoresis the paper strip was air dried, then sprayed with the Hanes-
Isherwood reagent. Only the light green spot due to inorganic phosphate
was observed from the acid hydrolysate of A-II; glucosanﬁne—e—phosphate-
moved 4 cm. toward the anode under these conditions, while glucosamine
moved 16 cm. toward the cathode.

The glucosamine samples to be measured, 0,5 to 1.0 ml. aliquots
of the acidic eluates from the Dowex-50 colums, were transferred to 15
ml, test tubes. One drop phenophthalein solution was added to each sample;
4 N NaOH waé added dropwise until the solutions were pink; and 0.3 N HCL
was then added dropwise to discharge the color., One milliliter of Elson-
Morgan re;gen‘t A was added to each solut:.on and mixed well by shaking.
| Each tube was covered with a loose s..opper‘ and heated for 20 minutes in a
boiling water bath., After cooling to room temperature, 5 ml, of absolute
ethanol was added to each solution,- then 1 ml. of reagent B, The contents
were thoroughly mixed and warmed for 10 minutes at 65-70°C to liberate
COp. After cooling to room temperaturé, the final columes were adjusted
to 10 ml. and the contents dgain mixed thoroughly. The intensity of the
color was measured at 530 my using a Beckman DB spectrophotometer,

This procedure was first applied to standard solutions for glucos-
amine which were: a) untreated, and b) subjected to 6 N HC1 for 6 hours.
The results are summarized in the standard curve found in gx"aljh 2, page 53,
The optical density readings obtained illustrate the variations usually ob-
served for duplicate samples énd'the range of glucosamine content (20 to 100

ug.) which is most satisfactorily determined. The results show that some

destruction of glucosamine occurs during acid hydrolysis. In this case
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the ratio of the reading for untreated glucosamine to that for treated
glucosamine is 1.,23. In a typical determination of unknown samples, both
treated and untreated standards are included in order that this ratio may
be used to correct the reédings of the test s'oiutions. for the destruction
of glucosamine. .

Tﬁe error inherent in this. ﬁefchoci includes weighing errors for
samples which are 5 to 10 mg. in size, volumetric errors including pipetting
and adjustment of the final volume of the test solutions, and the losses
due to hydrolysis. This last source of error is probably the nbst serious,
despite the controls with standafd solutions. 'I"he destruction of fully
acylated :)r élycosi—d'jZally linked glucosamine may not be comparable to that
observed for free giucosaﬁﬁ.ne. It'is estimated that this de{‘érmination
involves a relative error of % 15%, .

6. Detemination._of fatt'y acid ester (FAE) and fatty acid amide
(FAA) - To determine the fat‘ty acid ester (FAE) and fatty acid amide (FAA)
content of A-II, the épeétrophotometric method of Snyder and Stevens (108)
was used.- This procedure was medified for endotoxins and lipid A by Tauber
(114) ‘and for simultaneous determination of fatty acid amide by Haskins
(33). These modifications were incorporated into the determination of FAE
and FAA in A-II.

The alkaline hydroxylamine and ferric perchlorate reagents were
prepared as directed by Snyder and Stevens (108). Rearystallized tri-
palmitin served as the standard for the fatty acid estef determinationy its
homogeneity was ascertained by thin-layer chmnatography on silica géi
prior to uée. Cl'mmatogr}aphicall); pure N-acetyl glucosamine was used as

the fatty acid amide standard.
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Samplés of A~IT and the standard preparations containing 1 to 5 -
microequivalents of fatty acid ester and amide were placed in 16 x 150 mm,
screw-capped culture tubes; 2 ml., of freshly prepared alkaline hydroxyl-
amine reagerit was added, and the tubes were tightly sealed with teflon-
lined caps. The sanples, with reageht blank, were placed in a water bath |
at 67°C for five hours. At the expiration of the incubation period 'thé
tubes were examined for loss in volume resulting from a leaky closure.
Such samples gave an abrormal color reaction and were discarded. The tubes -
were removed and cooled to room temperature, and 5 ml. of ferric perchlor-
ate reagent added to each., After 30 minutes the purple color was read |
ina 1 cm. cuvette in a Bedikman B spectmphotdme‘cer at 530 my, Standard
curves, prepared from tripa]:fni'tin and N-écetylglucosamine, when plotted
as equivalents of acid vs, absorbance were straight lines coincident
over the range of 1 to 5 microequivalents. To determine the amide-bound
fatty acids (FAA) in relation to the ester-bdurid fé:‘cty acids (FAE) a
second set of sam}ples was analyzed by the prooédure of Tauber Q1) to
obtain the FAE content. Subtraction then gave the FAA content.

7; Test for reducing sugar - Lipid A-IT was dissolved in pyridine
and applied to Whatman Nb; 1 filter paper. Standard solutions of sucrose,
'N-acetyl glucosamine, and glucosaminé were also applied to the paper. A
0.5% solution of triphenyltetrazolium chloride in pyridine was used to
spray the paper.. After drying, the paper was sprayed with 0.5 N KOH in
895% ethanol, then heated over steam. No spot was cbserved for sucrose;

* N-acetyl glucosamine gave a deep purple-red color, and glucosamine gave a
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cherry red color. The paper.surmunding the spots was light pink in color.
Lipid A~II, when tested in this manner, gave a deep purple colored spot.

B. Analysis of component .fatty acids

1l. Preparation of me't:hyl esters - Fractions A-II, A-III, A-IV
and A-V from fractionation of crude lipid A on silicic acid were subjected
to alkaline hydrolysis, acidified, and extracted with acetone. These
fractions were also chloroform soluble and their infrared spectra in
chloroform were typical of that for fatty acids, The samples were sub-
jected to boron trifluoride catalyzed methanolysis according to the method
of Metcalf and Schmitz (65). | |

'i’o 102 mg. of A-II was added 3 ml. of BF3 reagent in a 20 x 150
mm, test tube. The mixture was boiled on a steam bath for 2 rﬁinutes. The
boiled mixture was transferred to a separatory funnel with 30 ml. of
petroleum ether (reagent grade) and 20 ml. of water aﬁded. The mixture
was shaken vigorousiy. The pétmlewn ether layer was filtered through
paper into a 50 ml. beaker and evaporated over a 60°C water bath. The |
methyl esters were then taken up in hexane prior ‘to use, . Smaller samples
of A-III, A-IV and A-V were similarjly prepared.

2. Isolation of hydroxy fatty acid esters of A-II - An aliquot
of the methyl ester preparation of lipid A-II (51 mg.) was applied to a
small column of silicic acid. Initially, methylene chloride was used to
elute the nonhydroxy fatty acid esters; then methylene chloride containing
3% methanol was used to elute hydroxy fatty acid esters. Under these condi-
tions, Scheuerbrandt and Bloch (103) have repofted the efficient separwat‘ion

of hydroxy fatty acid esters from saturated and unsaturated esters of
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fatty acids. The isolated hydroxy fatty acid esters (18 mg., 37%) and
nonhydroxy fatty acid esters (30 mg. , 63%) were analyzed separately by gas
and thin—layer ch:oomatograpﬁy.

3. Thin-layer cﬁroma‘cogpaphy of fatty acid esters -~ The applica-
tion of thin-layer chmnatogcaﬁhy for separation of methyl esters of fa’cty'
.acids is described by Viroque and Holman (121) who reported sépé.rations
according to chain length as well as degree of un'satﬁration and polarity.

Methyl esters of the fatty acids from fractions A-II to V and the
hydroxy and nonhydroxy fatty acid esters of A-II separated by adsorption
colurn chromatography were analyzed by thin-layer chromatography on silica
gel G. The TLC plates were developed with a mixture of hexane:ethyl ether
(85:15). The .pmportion of ethyl: ether in the mixture was raised to 40%
to give improved resolution of the polar hydroxy esters when this sample
was chromatograched. | |

4, Vapor phase clnmnxatograp@y - The samples of méthyl esters des-
cribed in the preceding section’ were subjected to vapor phase chromatography'
using the Microtek GC 2000 MF gas chminatogcaph.l_ Two 3-foot U-shaped
colums were used: one packed with diethy;ene glycol succinate and th;a
second with apiezon. Fatty acid methyl esters were identified by co-
chromatography with authentic samples.2 There was difficulty in iden'tify-'

ing B-hydroxymyristic acid because no reference standard was available,

Tentative identification was made based upon a comparison of relative

Licrotek GC 2000 MF Gas Chromatograph, Microtek Instruments, Inc.,
Baton Rouge, Louisiana.

2Fatty acid methyl ester standards, Applied Science Laboratories,
State College, Pennsylvania.



retention times in this experiment to those obtained by Nesbitt and
Lennarz (78) on fatty acids from lipopolysaccharide isolated from

Escherichia ccli. The same conditions were used in both experiments.

5. Possible presence of & neutral coﬁponent -

a. Qualitative vinyl ether detgrmination - The method des-
cribed by Norton (75) was applied to samples of A-II. However, a refer-
ence standaid, such as plasmalogen, was not available. The lipid was
spotted on Whatman No. 1 filter paper, which was fhen imrersed for 30
seconds in 1% aqueous ch12. Excess HgCl, was removed with five washes
in 1% NaCl and five washes in distilléd water., The presence 6f Hg in the
lipid spot was detected by immersing the sample for 2 minutes in a 0.1%
solution of diphenylcarbohydrazide in 70% ethanol, which is. 0,1 N with:
respect to KOH., After washing thoroughly in water to remove excess di-
phenylcarbonydrazide reagent, the éppearance of a deep purple spot of Hg
salt against an unstained background conétitutes a positive test. This
test was not clearly positive for any of the A-II samples, after 30 seconds
immersion in HgCl,; when the samples were treated in exactly the same
manner, except for increasing the'time~ofnexposurefto HgClp fo 1 minute,

a strong positive test was observed for all samples,

b. Attempted iodination, bromonation - The method of iodina-
tion described by Rapport et al. (89, 90), which is a modification of the
method of Siggia and Edsberg (1045, was applied to A~II. In this method
the lipid sample (requiring about 2 wmoles of Ip) is dissolved in CHClg3:
MeOH, 2:1 (0.6 ml.). Methenol (O.Q ml.) is added to give a clear or finely

turbid solution. The tube is stoppered and the sample chilled to 0° in
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an ice water bath. Then 0.20 ml. of standard I, solution (0.05 X) is
added ‘and the mixture agitated vigorously for 2 minutes. The mixture is
then returned fo the ice bath for 12 to 15 minutes.

Excess Ip is titrated with aqueoﬁs 0.1 N NapSp0Q3, using an
ultramicroburette. Thé titration is conducted with the tip of the burette
below the fluid surface; a repid stream of Nj bubblihg through the mixture
in;dres mixing.' The end point, determined with good lighting against a
whité background, is taken as the disappearance of the yellow I, color.
Samples were determined in tripliéate, with the first sample used to estab-
lish the endpoint. The pH of the solﬁtion should be between 2 and 7.

When this method was applied to A-II, an apparent I, uptake
of 0.044 wmoles/mg. was measured. The precipitation of A-II during titfa—'”
tion of.the excess Ip made detection of the endpoint uncertain,

Bromination, accordfng to the method of Trappe (1185, was
attempted but the lipid samSle was complétely insoluble under the reaction

conditions.

Qualitative Structural Studies of Lipid A

2wy

I. Determination of the linkage between lipid and polysaccharide moieties

"A, EBvaluation of a possible peptide linkage To investigate the

possibility of a peptide linkage between lipid'A‘énd the polysaccharide
moiety, intact lipopolysaécharide'was subjected to mild alkaline hydrolysis,
wnich would be expected to cleave ester bonds, but leave intact amide and

glycosidic bonds.
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Lisopolysaccharide (150 mg.) was suspended in 15 ml, of distilled
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water and stirred for 30 minutes at room tempsrature. To this suspension
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soluticon was completely clear. The scluticn wes chilled iIn an ice bath,

zcidified *o pH 1 with 2 N HC1l, and ewtracted four times with 20 ml, por-
tiong of CHClg The Crp;s extract was washed three timss with distilled

N = C.10%, P = 0.06%). The infrared spectrun of this extract showad strong
carboy/ L aosorﬁ+;oq at 1700 en™+, as well as weak amide absorotion at
rem =1 ]
1680 an* and 1545 am .
Tne washes of the CHCl3 extract were concentrated and added to
e agueous solution, the 0 of which was adjusted to 7 with 0.5 N NaCH,

-

Tne aguecus solution was dialyzed overnight at 4°C against 500 ml. of di

(n

de
ol

tilled water. The inner soluticn was dialyzed against fwo more changes oI
deionized weter, then lyophilized to give 123.8 mg. (82.6%, N = 2. 0%, P =
2.8%), The fir izlysate was concentrated L almost to dryness. The major
porticn of the dialysate, as well as that of the CHCly extract, was applied
to Vhatman No. 1 filier paper and chromatographed in iscpropancl:acetic
acid:water. The dried chromatograms were sprayed with ninhydrin, periocdate,
and Elson-Morgan reagents.

B. Eveluetion cf & pessible linkage involving KBO (2-keto-3-

0

Osborn {83) presented evidence that the polysaccharide from

Szlmonalla typhimurium consists of heptose phosphate chains terminating

[
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in the eight carbon keto acid, 2-keto-3-deoxyoctonoate at the reducing end
of the chains., This molecule, Horecker suggests (37), forms the linkage
to the lipid through either the hydroxyl groups of glucosamine or 2-
hydroxymyristic acid. KDO has been found in several lipopolysaccharide
preparations (37, 91, 83) and in lipid A by Kasai (48) and Nowotny (80).
Preparations of lipopolysaccharide and lipid A~II from Vibrio
fetus were analyzed for quantitative and qualifative content of KDO.

Samples of a commercial Escherichia coli lipopolysaccharide preparation,l

known to contain KDO, were also examined. A standard preparation of KDO,
which had been chemically synthesized according to the method of Heath (35),
was kindl;/ provided by Dr. Paul Rebers, National Animal Disease Laboratory.

Qualitative examination of lipopolysaccharide and lipid A-II
preparations for KDO were made by papef chromatography. Samples were
hydrolyzed (1 N HC1 for. 60 minutes} ‘prior to chromatography. | It has been
reported (91) that, undér these conditions, the maximum amount of thio-—
barbituric acid reactive substances is formed from lipopolysaccharides,

The samples and standard were spotted on Whatman No. 1 paper and
developed in pyridine:butanol:water (4:6:3) for 8'hours. After drying,
the chromatograms were sprayed with thiobarbituric acid spray reagent
developed by Warren (122) for detection of deoxy sugars and sialic aicds.
After drying, the chromatograms were heated at 100°C for 5 minutes; red

spots, which also give off a red fluorescence under ultraviolet light,

were produced by the thiobarbituric acid-KDO coupled product. The

 Escherichia coli lipopolysaccharide, Strain 0111:Bl, Difco Labora—
tories, Detroit, Michigan.
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chromatograms revealed the presence of spots at the same Ry value as KDO

in Vibrio fetus lipopolysaccharide and lipid A-II and in Escherichia coli

.lipopolysaccharide. Two additional spots, which are probably deoxy- .
hexoses released from the polysaccharide moieties, were observed for bath
lipopolysaccharide pmparafions.

The thiobarbituric acid procedure of Aminoff (3) was used to
quantitatively assay the preparations., Samples of lipopolysaccharide and
lipid A-II were hydrolyzed (2 N HClL, 1.5 hours) prior to analysis, Aliquots
of each sample, blank and standaxﬁ (containing 5-u40 ug. of KDO) in 0.5 ml. |
water, were treated with 0,25 ml. of periodate magent (25 mmoles periodic
acid in 0.125 N HpS0y) for 36 minutes in a water bafh at 37°C. The excess
of periodate was then reduced with 0.2 ml. of 2% sodium arsenite. As soon
as the yellow color of the liberated iodine disappeared (1-2 minutes), 2
ml. of a 0.1 M solutiox:x, of thiobarbituric acid was added and the test
sample covered and heat;ad m a boiling water bath for 7.5 minutes. The
colored solutions were then cooled in ice water and shaken with 5 ml. of
butanol containing 5% (v/v) 12 N HCl. The separation of the two phases
was facilitated by a short, rapid centrifuging; and the absorption curves
of the periodate-thiobarbituric acid products were read in the visible
range (320 mu-700 mu) using the Beclanan DB spectrophotometer. The absorp-
tion intensity of 549 mu is directly proporticnal to the concentration of
KDO and the standard preparations gave a straight line plot at this

wavelength.

II. Determination of the linkage between glucosamine residues in lipid A

A, Alkaline hydrolysis of lipid A Lipid A-II (170 mg.) was sus-

pended in 17 ml. of 1,00 N -NaOH in methanol. The reaction vessel was
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connected with an Erlenmeyer flask containing 10 ml, of borate indicator
solution to trap eny NH3 evolved. Tne mixture was stirred at room temperé—
ture for 4 days. Nj was then bubbled through the mixture to force NHj into
the trap; titration of the indicator sblution in the trap with N/70 HCL
showed thet 0.013 meq. of nitrogen (6.2% of the nitrogen criginally present
in A—II) was evolved as NHz.

Extraction of the alkaline sélu%:ion with hexane gave 8.3 mg.
hexane soluble material (4%). The infrared spectrum of this fraction
showed ‘amide, but no ester ;bsorption. |

The alkaline solution was chilled, then ti'tr;ated to the pheno-
phthalein endpéint with 1.00 N HCl. The saponification equivalent calcu-
lated from this titration is of little signifidance, since the evolution
of ammonia indica‘tes' consumption of alkali other than that required for
hydrolysis of fatty acld esters. |

T’ﬁe neutralized solution was extracted five times with CHCl3
to yield 107 mg. (63%) CH¢13 soluble material, the infrared spectrum of
wnich was typical of that for fatty acids. The pH of the reaction mixture
was adjusted to 2 again and extracted with CHCl3 to yield 10.6 mg. (6.2%)
CHCl3 soluble material., The infrared spectrum of this fraction shows both
ester and amide absorption.

The methanolic solution was neutralized and dried under reduced
pressure. The residue contained salts and a fraction which was not soluble
in acid, but dissolved in 2 N NaOH to form a yellow colored solution, This
fraction was not obtained entirely free of salts Its N to P ratio was 2.6,

An infrared spectrum was obtained which showed amide absorption at 16.50

omt to 1555 cm~l, and no ester absorption.
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B. Sodium borohydride reduction Lipid A-II (250 mg.) was sus-

pended in 5 ml. of absolute ethanol by stirring for 2 hours at temperatures
up to 70°C. NaBH, (100 mg.) in 3-ml. absolute ethanol was added drop by
drop with stirring. The reaction mixture was stirred continually for
three days at room temperature, occasionally heating to 70°C. " Fhe ethanol
was removed under reduced pressure. The product was suspended in 10 ml.
-of water, then chilled in an ice bath. The pH of the solution was adjusted
to 1 by the dropwise addition of 2 N HCl. The acidified suspension was
extracted five times with CHCl;, to give 107 mg. (42.8%) of an oily CHClg

soluble material (fraction I). ' The infrared spectrum of this fraction,

1and

obtained in CHC13, showed medium hydroxyl absorption at 3500 cm™
strong ester absorpticn at 1730 cnl,
| The aqueous extract contained a considerable amount of suspended
material. The suspension was clarified at lh,OOO xg and the supernatant
carefully removed. The pH of the supernatant was adjusted td 7.6 with-—
0.5 N NaOH; the solution was taken to dryness under reduced pressure, then
dried overnight in a “vacuum desicéator. The residue was s’tirred with 30
to 50 ml. of MeOH and several drops of concentrated HCl was ddded. MeOH
was then removed in vacuo; the methanolic-HCL treatment was repeated four
times.

The residue was added to 10 ml. of water, which was filtered to
give water soluble fraction II (2.l8 mg., 1.1%) and water insoluble fraction
IIT (78 mg., 31%). The infrared spectrum of fraction III showed weak, broad

ester absorption between 1700 and 1750 cm~l, as well as medium amide

absorpticn at 16u45 ar~l and 1555 cml,
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The pellet from centrifugetion was suspended in a minimum amount
of water and centrifuged again at 10,000 xg. After removal of the water
wash, the pellet, fraction IV, was dried in a vacuum desiccator overnight
to give 40,7 mg. (24.3%). The infrared spectmh of this fraction showed
no ester absorption, and marked amide absorption at 1645 cm™% and 1555
cn~l, This fraction was ~completely insoluble in water, Cf Cl3 , acid or
alkali, dissolving only in pyridine, '

| Fractions II and III were slightly ninhydrin positive, but gave
negative tests with the ‘triphenyl‘te‘trazoliwn chloride resgent. Fraction
IV gave a posa.t:.ve test with the lat ter reagent, but was ninhydrin negative.

Fractions I-IV were analyzed for nitrogen, phosphorous and
glucosamine, Only small samples (approximately 5 mg.) were available fcsr
the nitrogen and phosphorous detemﬁna‘l:ions, and in most cases, duplicates
were not possible. Fraction II was diluted to 25 ml. and § ml. aliquots
taken for the determination’of nitrogen and phosphorous. The results
of these analyses appear in the Results and Discussion section.

Toxicity Studies of I.ipopoiysaccharide and Lipid A Preparations

I. Method of assay for toxicity

The tox1c1ty of the preparations used J.n this study was evaluated by
assay in lu-day-old male mice. Ten mice were used at each dose level and
the ratio of number of survivors versus the number inoculated was noted
after 36 hours. Inoculations were given after lipopolysaccharide and’

polysaccharide fractions were dispersed in sterile saline solutions and
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lipid preparations*were dispersed in 5% solutions .of Tween 80,1 a complex
mixture of polyethylene ethers. All of the doses were given intravenously
in 0,1 ml. ciuan‘tities with appropriate controls. The endpoint of each -
preparation was considered to be that dose which was lethal for 50% of

the experimental animals (LDgg). .

II. Preparation of chemically altered lipopolysaccharides

A, Papain-treated lipopolysaccharide Purified Vibrio fetus lipo=-

polysaccharide was treated by the method of Kim and Watson (51) with twice
crystallized preparations of paipa:in.2' Because papain acts only in the
reduced state, it was possible to include an additional control involving
nonactivated papain. The experiment, therefom, included lipopolysaccharide
plus activated papain, lipopolysaccharide plus nonactivated papain, and
lipopolysaccharide plus reduced buffer. The experiments were run as

follows: (a) Activated papain. 10 ml. of lipopolysaccharide (10 mg, /ml,)

was mixed with 90 ml. of reduced buffer solution containing 100 ug./ml. of
twice crystallized papain; this buffer contained 0.04 M phosphate at pH-
7.0, NaCl 0.15 M, L~cysteine HCl 0.005 M, and ethylene-diamine~tetraacetic

acid, tetrasodium salt (EDTA) 0.001 M. (b) Nonactivated papain. 10 ml,

of lipopolysaccharide solution (10 mg./ml,) was mixed with 90 ml., of non-

reduced buffered solution containing 100 ug./ml. of papainj this buffered

solution did not contain the cysteine HCl and EDTA., (c) Reduced buffer.

10 ml. of lipopolysaccharide (10 'mg. /ml,) was added to 90 ml. of reduced

1Tween 80, Nutritional Biochemical Corp., Cleveland, Ohio.

2I-’apain, Worthington Biochemical Corporation, Freehold, New Jersey.



67

buffered saline; this was the same as (a) without the addition of papain.
Incubation was at 65°C for 16 hours. Any remaining enzyme was destroyed |
by heating in a boiling water bath for 2 nﬁ.nﬁtes. The preparations wer\e.
then dialyzed against distilled water, lyophilized, and stored at 4°C
until used.

B. Periodate-treated lipopolysaccharide The periodate-treated

Vibrio fetus lipopolysaccharide was prepared as described by Neter et al.

(73): 200 mg. samples of lipopolysaccharide.were dissolved in 160 ml.
of distilled water; 20 ml. of sodium acetate buffer, pH 5.0 and 20 ml.
of 0.1 N NaIO, solution were added. The material was kept in the dark
for 6.5 hours at room temﬁeratum and then diélyzed ’agai.nst distilled
water, concentrated in vacuo, and lyophilized. Control samples were

prepared in an identical manner, omitting the periode&:e. Preparations

of Escherichia coli endotoxin, obtained from Difco Laboratories, were-.also

treated with periodate and tested for toxicity along with the purified

Vibrio fetus lipopolysaccharide.

C. Sodium hydroxide-treated lipopolysaccharide . The lipopoly-

saccharide of Vibrio fetus was treated with sodium hydroxide according to

the procedure of MacPherson (61): 50 mg. of the purifiéd antigen in 10 ml.
saline solution was mixed with 45 ml. of 0.25 N NaOH; the mixture was kept
in a water bath at 37°C for 3 hours and then neutralized with 45 ml. of
0.25 N HCl. The soluticn was then dialyzed, lyophilized, and stored at

4°C until used.
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III. Preparation of an artificial lipoprotein complex

An artificial lipoprotein complex was prepared from Vibrio fetus

lipopolysaccharide and a nontoxic, nonbacterial protein (bovine a]buminl).
Twice crystallized bovine albumin (200 mg.) and purified lipopolysaccharide
(50 mg,) were dispersed in 75 ml. of distilled water'.‘ The pH was adjusted
to 8.5 with 0.5 NaOH and the solution stirred at room temperature for 3
hours, The solution became less turbid during this period and assumed an
opalescent appearance.

After adjusting the pH of ‘the solution to 6.6 with 0.5 N HC1l, an
attempt was made to precipitate 't;he protein by the addition of 5% TCA..
Albumin was not thrown out of solution. Acetic acid was then added to a
concentration of 1% (v/v) and the solution was placed in a boiling water
bath for 1.5 hours in an attempt to split off and degrade the poly-
saccharide portion of :tbe LPS~protein complex. During the hydrolysis,
the solution lost its o;palescence and a precipitate foméd. This olb'serva-
tion is similar to that noted during the isolation of lipid A using 0.1 N
formic acid hydrolysis. The ﬁregipitate was centrifuged from the solution
and saved for carbohydrate and lipid analyses. The solution was then
dialyzed and lyophilized yi_elding 205 mg. of a white, fluffy hygroscopic

material readily soluble in water.

Aliquots of the precipitate formed during hydi*olysis (31.6 mg.) were
used to determine total carbohydrate content by the method of Dubois et al.
(23) using glucose as the standard. By this method the carbohydrate con-

tent of the precipitate was 90.5% while that of the lyophilized artificial

Lpovine albumin, Mann Research Laboratories, New York, N.Y.
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complex averaged 1.8% on five samples, varying from 1.4% to 2.8%. No
lipid could be extracted from the hydrolysis precipitate and this material
-was not soluble in water. The lyophilized artificial complex was stored

at 4°C until used in the toxicity studies.
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RESULTS AND DISCUSSION

Preparation of Lipopolysaccharide

I, Extraction of the complex

On the basis of preliminary experiments, the phenol-water extraction
method of Westphal (128), as modified by Tauber and Russell (115), produced
a preparation with the next to highest yield and lowest amount of protein
and DNA contamination. Extraction with dimethyl sulfoxide géve a higher
yield than with phenol-water, but this lipopolysaccharide preparation also
contained a higher content of DNA (5 to 8%) relative to the phenol-water
extracted’ lipopolysaccharide (1-2%). Protein and DNA contamination was
also found to be higher in preparations extracted with pyridine-formic
acid, aqueous ether, saline and water. These preparations all gave about
the same yield as extraction with phenol-water,

From 50 g. aliquo:té of cells extracted routinely with phenol-water, an .

average of 21.8% crude lipopolysaccharide was obtained, based on the dry

weight of the cells.

II. Purification of the complex

Crude lipopolysaccharide, prepared routinely by the aqueous-phenol
extraction, was contaminated with nucleic acid, as indicated by its ultra-
violet absorption spectrum, and by peptide components, as indicated by
paper chromatography. To develop an adequate purification procedure,
experiments were directed toward removing one or both of these contaminants.

High speed centrifugation, used in conjunction with sodium chloride

and acetone precipitation, formed the basis for the routine purification of
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crude lipopolysaccharide. This procedure, outlined in Figure 2, page 37,
gave a white, fluffy, hyéroscopic powder in yields of 5 to 8% based upon
weight of the crude starting material., The purified preparations,

readily soluble in water, were subjected to analysis for nucleic acid con-
tamination by ul‘craviélet absorbance at 260 and 280 mu and by analysis
for deoxyribonucleic acid using the method of Webb and Levy (123) in which
a specific purple colored complex is formed with DNA and read at 560 my.
The 280 and 260 mu absorbencies were 0,01 and 0.02 optical density units
as contrasted with 0.8 and 0.9 obtained with the crude liﬁopolysaccharide.

Analysis for DNA content indicated the presence of less than 1% DNA in

the purified preparation.

The supernatant obtained after ultracentrifugation of the purified
lipopolysaccharide was examined for a second lower molecular weight lipo-
plysaccharide, reported by Burton and Carter (17) and others (125, 20) to
be present after isclation of the initial lipopolysaccharide. Only nucleic
acid was found in this fraction as determined by chemical analysis for DNA,
carbohydrate, and 1lipid. Results of immunodiffusion of the material against

immine serum prepared from Vibrio fetus lipopolysaccharide were negative,

Preparation and Purification of Lipid A

I. Hydrolysis and extraction of crude lipid A

To obtain lipid A, freg of polysaccharide, the purified lipopoly-
saccharides were subjected to mild acid hydrolysis; a one percent solution
of the material in 0.1 N formic acid was heated under refluxing conditions
for forty-five minutes, Prelunmary experiments, using a number of hydro-

lytic reagents, indicated that 0.1 N formic acid gave the optimﬁm results
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in terms of yield and minimum degradation. Chloroform soluble extracts

of 18 to 20% were obtained from the purified lipopolysaccharide.

IX. Acetone fracticnation

The chloroform soluble lipids were extracted repeatedly with hot
acetone. Fractionatién was completed by dissolving the acetone insoluble
residue in a minimum volume of chloroform, then precipitating with acetone.
In this manner free fatty acids were removed fram acetone insoluble lipid A,
In a typical preparation, 91% of the chloroform extract of the lipopoly-
saccharide was acetone insolublej lipid A, therefore, comprises 16 to 18%

of the pupified lipopolysaccharide.

III. Column chromatography of crude lipid A
A. Organic Sephadex chromatography -  As with Sephadex preparations

of the G series used wa:_'t;h aqueous solvents, separations on organic Sephadex -
LH-20 are based mainly én molecular dimensions, To take advantage of this !
sieving effect, acetone insoluble lipid A was chramatographed to remove
any remaining free fatty acids or other small molécular weight lipids, e.g.
triglycerides, which may have been carried through the pﬁrification and
lipid extraction procedures. |

The major fraction of fhe material placed on the column (94-98%)
eluted shortly after the holdup volume; a second minor fraction was eluted
between 30 and 40 ml. later. The major fraction gave a typical infrared

absorption spectrum for Vibrio fetus lipid A, as obtained in our previous

studies (120), while the minor fraction showed a series of peaks typical

of fatty acids. The major fraction was fractionated by silicic acid column
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chromatography and the minor fraction was saved for esterification and
gas chromatography analysis.
B. Silicic acid chromatography Lipid A from the Sephadex column

was chromatographed on silicic acid to take advantage of two basic forms

of interaction between lipids and silicic acid. Hydrogen bonding may occur
through the Si=0, Si-0-Si and Si-OH groups of silicic acid, Electrostatic
bonding may occur through proton transfer of the Si-OH group with proton
accéptor groups (phosphate, sulfate and amino) of ionic lipids,

The lipid was dissolved in chloroform and applied to a colum pre-
pared from a mixture of silicic‘acid and celite (4:1) whigh had been acti-
vated by l"xeating for twelve hours at 110°C, The column was eluted with
successive portions of chloroform (100%), chloroform:methanol in the pro-
portions 9:1, 8:2 and 7:3, respectively, and finally with '95% aqueous MeOH,
The results of the chrﬁmtogpaphy are sumnarized in Table ITI, page 40, in
the Experimental Methods section.' Fraction II, the material eluted by
chloroform methanol 9:1, consj:itutés 79% of the material eluted from the
colum. When fraction II was rechromatographed, more than ninety perceﬁt

of the lipid applied was eluted by chloroform methanol (9:1).

-

IV. Qualitative examination of the silicic acid chromatography fractions

The major portion of the 1lipid applied to silicic acid was eluted in
fraction II and is considered to be purified lipid A, It will be discussed
below in the section on chemical analysis of lipid A-II.

The other fractions illustrate the type of impurities which can be
mnbved by silicic acid chromatography. The infrared spectrum of fraction

I shows that this fraction is chiefly fatty acids. Fractions III and IV
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are qualitative.ly similar in composition to fraction II, as indicated by
infrared spectra and by paper chromatogr*ai:hy of the acid hydrolysates of
these fractions. The difference between fraction II and either fraction -
III or IV is possibly one of fatty acid substitution as will be discussed
below. The infrared spectra of fractions I and II are shown in Figure 3,
page u2,

Evidence was obtained from paper chromatography of the.acid hydroly-
sates that purified lipid A-II does not contain amino acids or glycerol.
Nowotny (77) has speculated that amino acids could form a peptide linkage
between lipid A and the polysaccharide moiew; and has found amino acids

in lipid A isolated from Escherichia coli. As reported previously (120) .

four amino acids were J.den'tlfn.ed :.n preparations of lipopolysaccharide

from three strains of V:meo fetus, including stram 925, the strain used
. in this study. |

Fraction V was shown by hydrolysis studies to contain all of the nin-
hydrin positive components, other than glucosamine, present in crude lipid
&, TFractions II and III on acid hydrolysis yielded one predaminant nin-
hydrin positive component, which was also periodate and Elson-Morgan posi-~
tive, as well as a limited number of less intense ninhydrin positive spots;
this series of spots is also observed when glucosamine alone is chramato-
graphed after treatment under the same hydrolytic conditions. These obser-
vations do not exclude the ibossibility that amino acids are present in
lipid Aj further discussion of this point is included in the section on
chemical studies of lipid A-IT below. The qualitative evidence indicates

only that glucosamine can account for all the ninhydrin positive spots
. !
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observed on chromatograms of purified lipid A-II. No glycerol was detected
in the écid hydrolysates of any of the iipid fractions.

Using a variety of solvent systems, thin-layer chromatography of the
fractions gave evidence that fraction II is homogeneous; some slight
tailing was observed, however, in one or two instances. Fractions III, IV*
and V were not separable into distinct spots in any of the systems tested.
The tailing or smearing effect given by these fractions probably indicates
their increased polar nature or possibly the ‘attachment of several dif-
ferent fatty acids in various proportions to the core structure. Kasai
(48) has shown a progressive decrease in Rg values on thin-layer chroma-

tography of fractions from silicic acid chromatography of Escherichia coli

lipid A; this decrease correlated to their elution from the colum and

hence their increasing polarity.
Results of Chemical Studies on Lipid A-II

I. General properties

The purified lipid A component (A-II) from the lipopolysaccharide is
a clear, light brown, waxy solid which melts at 205°~208°C, The lipid is
soluble in chloroform and pyridine; in other common laboratory solvents,'
such as methanol, ether, absolute ethanol, benzene, acetone and dimethyl

sulfoxide, lipid A~II is completely insoluble.

II, Partial chemical characterization

A. Analytical data ) The analytical data for lipid A-II are

summarized below:
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Nonvolatile Glucosamine

N (%) P (%) N/P - fatty acids (%) (%)
1,76 1.96 1.99 62-65 20.3
FAE FAA
equivalents/mg. equivalents/mg.
1.6 1.3

Nonvolatile fatty acids consisted of the chloroform soluble
material resulting from vigorous acidic hydrolysis of the lipid sample.
Mbre suitable phétometr*ic methods, such as that of Rapport and Lermer (g0),
for the determination of esterified fatty acids on a small scale were not
applicabl; because of the solubility properties of the lipids.

A nitrogen to phosphorous ratio of 2 to 1 was found for lipid A-II
as indicated in the table. The fatty acid ester and fatty acid amide
values are expreésed as equivalents of ester/mg. of lipid A-II. If a value

for the molecular weight of 'lipid A (1700) as found by Burton and Carter

(17) were assumed for lipid A-II from Vibrio fetus, a value of 4,93

equivalents of ester/mole can be calculated. Of this amount, 2.83 equiva-
lents of FAE and 2.10 equivalents of FAA per mole of A-II are found.
Glucosamine was determined qualitatively and quantitatively as des-
cribed in the Experimental Procedures section. The value of 20.3% is an
average of five detemﬁnatiohs which varied from 19.8% to 20.6%.
The glucosamine values for lipid A-iI account for the nitrogen in

the two samples within the limits of error of the determination,

Glucosamine

Found (%) | Caleulated from N (%)
20.3 | 22.5
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This observation confirms two earlier results: | that the purified lipids
are free of amino acids, as indicated by paper chramatography; and that
the hexosamine present in the lipids lS glucosamine. In the first case,
the results of the hexosamine determination, when combined with the almost
exact ratio of 2 to 1 for nitrogen to phosphorous, are not consistent with*®
the presence of any amino acid. In the second case, the original identifi-
cation of the hexo.samine in the lipids as glucosamine was made on the
basis of paper chromatography. Paper chromatography is admittedly not _
completely satisfactory for positive identification; the possibility always
exists that another substance, perhaps present in lower concentrations,
-may escapc; detection. In addition to paper chromatography, the high voltage
fingerprinting technique of Inéram (41) as applied to amino sugars by
Salton (101) also confirms the presence of only glucosamine in lipid A-II,
The quantitative data also confirm the identification of glucos-
amine., Strange (111) has reported that when galactosamine is determined by
the Rondle and Morgan précedure, it gives eighty-three percent of the value
which glucosamine gives under the same conditions. Muramic acid gives
only thirty percent, while mannosamine gives a value of sixty-nine percent
that of glucosamine. If par't or a:ll of the hexosamine present in lipid A
were any of these sugars, rather than glucosamine, the hexosamine values
found by the Rondle and Morgan pmdedure would be significantly lower than
those obtained. The nitrogen content of the lipids does not allow the
presence of more hexosamine than found. For example, if the hexosamine
were mannosamine, the observed value of 20% would represent 29% hexosamine,

corresponding to a nitrogen content of 2.26%. On the basis of the data and
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.
-

because of the limits of error in the hexosamine determination, it is
possible that half of the hexosamine is glucosanﬁ.ﬁe, half galactosamine,
However, the chromatogr*ap}}ic methﬁds would have detected galéctosanﬁ.ne ‘
if present in amounts equal ‘to glucosamine. | | |
Since thé preparation of lipid' A from lipopolys;accharide depends °
upon icidic hydrolysis of the latter, one possibility for the linkage of
lipid to polysaccharide is a glycosidic bond between the hexosarﬁine in
lipid A and thci terminal sugar of the polysaccharide, In this case, the
lipid should have a reducing end group. When the lipid fractions from
the silicic acid chrdmtogr*aphy were dissolved in pyridine and tested with
the modif;.ed triphenyl tetrazolium chloride feagent (64), a deep purple-
red color was observed for fractiens II, IIT and. IV, thus indicating they
are mducing. The result for fraction V was uncértain; fraction I was

negative, supporting previous data that this fraction is composed of fatty

acids,

B. Component fatty acids ~ The fatty acids present in lipid A-II
and the minor fractions from silicic acid chromatography - I, III, IV,
.and V - were examined qualitatively. The methyl esters of the fatty aéids,
- released from the lipids by alkaline hydrolysis, were prepared using |
methanolic boron trifluoride and were subjected to vapor phaée and thin-
layer chromatography. Part of the fatty acid ester preparation from 1lipid
A-II was chromatographed on silicic acid to separate hydroxy and nonhydroxy
fatty acid esters. The hydroxy fatty acid ester fraction constituted 27%
of the lipid applied to the colum while the nonhydroxy fatty acid ester

fraction accounted for 65%.
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1. Examination of methyl esters by vapor phase chromatography -
The esters from A-IT gave five predaminant peaks corresponding to the
methyl esters of myristic, palmitic, palmitoleic, oleic and B=~hydroxy-
myristic acids, respectively, and three minor, unidentified peaks. Because
a reference standard was not available, the methyl ester of B-hydroxy- .
myristic acid was tentatively identified by comparison of the relative
retention time obtained by Nesbitt and Lennarz (72) for their reference
standard. A rough approximation of the ielative amounts of the fatty
acids present was made by. measuring the area under each of the chromato-
graphic peaks and caléulating its percent of the total area observed.. Such
an estima;:ion showed that 19% of the fatty acid from A-II is B-hydroxy-
myristic acid, that api)roximately 58% are saturated fatty acids, that 16%
is unsaturated fatty acid, and that the unidentified peaks amount to 7.4%.
The vapor phase chromatography data are summar*ize& in Table IV, Figure 8
shows the chramatography of A-II on the polar (DEGS) column,

The minor fractions obtained during silicic acid chromatography
of the lipids may differ from purified lipid A-II in fatty acid substitution.
To investigate this possibility, a comparison was made of the relative
fatty acid content of fractions III and IV obtained during silicic acid
chranatography. No qualitative differences were noted; however, fraction
III does contain approximately 5% more hydroxy fatty acid than fraction II,
.based upon the measurement of peak areas., Such a difference may explain
why é somewhat more polar solvent (chloroform:methanol, 8:2) was required
to elute fraction III than that which was sufficient for elui:ion of”fr‘action

II, Another possibility is that the minor fractions are less fully
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Figure 8. Vapor phase chromatography of the fatty acid methyl esters from
fraction A-II, Chromatographed on diethylene glycol succinate absorbent.
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Table IV, The fatty acid composition of lipid A fractions A-II, A-III,
A-IV and A-V from silicic acid column chromatography

Fatty acid ' B Percent of total fraction”

A-TT A-TIT A1V AV
Myristic 31.5  34.8 24,6 22.4
Unknown #1 1.8 2.8 2.9 0.8
Unknown #2 3.0 3.1 4.8 0.7
Palmitoleic , 10.3 11,4 17.7 12.0
Palmitic ' 26.1 15.8 17.6 13,7
Unknown #3 2.6 1.2 - 2.8 2.6
Oleic | 5.8 6.7 7.9 11.7
B-Hydroxymyristic 19,0 .1 217 . 15.2
Unknown #u : ——— —— — 7.2

Unknown #5 —— —— —— 10,9

Sumnary: Fatty acids of A-II
Saturated £atty acidS « « o « o o o o ¢ o o o o o 585
Unsaturated fatty acids « o « ¢ o ¢ ¢ o o o o « o 16%
Hydmxyfattyacid................ 19%

Unidentifiedcu.ooao000000000000.701"%

*These values represent an approximation of the relative amounts
of each fatty acid present in the sample. To arrive at these values
each peak was measured and its percent of the total area of the chromato-

gram calculated.
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acetylated than fraction II; comparison ‘of the. infrared spectra shows less
ester absorption relative to amide for these fractions than for fraction II.
With more hydroxy substituents free in fractions III and IV than in frac-
tion II, more polar soivents would be required to elute these fractions
from silicic acid.
The hydroxy fatty acid ester fraction (obtained by chromatography
of methyl esters i."rom A-II on silicic acid) was subjected to va;}or* phasé
- chromatography to determine if hydroxy fatty acids other than B-hydroxy-
myristic acid were present. The results, obtained under programmed
'tenperature conditions, indicate the presence of only B-hydroxymyristate. - '
.2. Examination of methyl esters on thin-layer chromatography -
The methyl esters of fatty acids from fractions A-I, A-II and A-III were
chranatographed on thin layers of silica gel. Eight componenfs were '
—observed in each fraction. The results shown in Plate 1 confirm the find-
ings of vapor phase chromatography of the same preparations., Four of. the
spots were identified, with the aid of reference standards, as myristic,
palmitic, palmitoleic and oleic acids, A reference standard for g-hydroxy-
myristic acid was not available, However, by chromatography with the pre-
paration obtained from sei)ara‘tion. of hydroxy from nonhydroxy fatty acid
esters of A-II, the spot was tentatj.vely idehtifieci as B-hydroxymyristate.
This resu;Li is shown in Plate 2 and it also confirms the result cbtained by
vapor phase chromatography - the presence of only one hydroxy fatty acid.
3. The possible presence of a neutral component - The unidentified
peaks observed during the chromatography of the fatty acids from the lipids
could be unsaturated fatty acids or aldehydes, compounds whose retention



Plate 1., Thin-layer. chromatography of fatty acid methyl esters from
fractions A-I, A-II, and A-III on silica gel.

Plate 2, Thin-layer chromatography of fatty acid methyl esters from -
fraction A-II and the hydroxy fatty acid fraction of A-IL,
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times correspond to those observed for the unidentified peaks when chromato-
graphed under similar conditions.

A qualitative test for vinyl ether, a possible source of aldehyde
upon acid hydrolysis, was applied to lipid A-IT according to the method of
Norton (75). This test depends on the addition of 'memur'ic chloride to °
the reactive double bond., It is specific for the vinyl ether linkage unless
the reac.tion"is allowed to proceed too long; in which case double bonds also
begin to react with the reagent. In this test, the lipid samples were

faintly positive after reaction with mercuric chloride for the thirty se- |

conds prescribed by Norton, and gave a very positive test after one minute,

An authentic reference standard, such as plasmologen, was not available
for the determination; therefore, a positive test was determined by a
deep purple spot against an unstained background as described by Norton (75).
Another reaction, more specific for the double bond of the vinyl
ether, is the addition of iodine. Iodination of A-II, under conditions
similar to those of Rapport et al. (89, 90), was:attempted with unreliable
results: precipitation of the lipid during titration of the reaction
mixture made detection of the end point uncertain. 'However*, the vinyl
ether linkage is improbable because the linkége is stable to base, while
 the components giving rise to the minor peaks 6bserved. during vapor phase
chromatography were released by alkaline hydrolysis., |
The alkaline lability of the unidentified compounds is puzzling
in any case, if these compounds are in fact aldehydes. Acetals, for example,
should be stable to base. Tﬁe alternative explanation, that these peaks |

represent unsaturated fatty acids, was not fully investigated; an attempt
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to measure unsaturation present in A-II by bromination was unsuccessful
because a satisfactory solvent system for this reaction, in which the
.lipid was either soluble or finely suspended, was not found. However,

the components giving rise to the unidentified peaks are present in such
minor amounts as to suggest that they are artifacts. Chemical degradation

of the B-hydroxymyristic acid by dilute alkali is certainly a possibility.
Results of Structural Studies on Lipid A

I, Determination of the linkage between lipid and polysaccharide moieties

A. Evaluation of a possible peptide linkage During our previous

studies of Vibrio fetus lipopolysaccharide (120), strain 925, we detected

the presence of four amino acids: aspartic acid, glutamic acid, alanine
and phenylalanine. Paper chromatography of acid hydrolysates of lipopoly-
saccharide in this study confirmed the presence of the same four amino
acids. This result raises the question whether they are contaminahts
carried through the purification procedure or whether they serve a function .
in the structure of the intact lipopolyéaccharide. The limited spectrum
of amino acids observed, with half of them bifunctional, suggested the
possibility that amino acids may link lipid A to polysaccharide. One such
linkage is illustrated below, with aspartic acid serving to join the
glucosamine of lipid A to the polysaccharide moiety through an amide-ester

12
cH, OCR CH,OH .

N
Reo ol ' #to ' o
-] o

w "
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Glutamic'acid could function similarly, or a peptide camposed of all four
amino acids could link lipid and polysaccharide., One alternate possibility
is that amino acids may function, in ester bonds, as links between chains
of the lipopolysaccharide: possibly between hydroxyl groups of sugar
residues or betwéen hydroxy fatty acids of separate chains. *

To investigate the possibility of an amino acid link between lipid
A and the polysaccharide, intact lipopolysaccharide was subjected to mild
aJJcéline hydrolysis which would be expected to cleave ester bonds but
would leave intact amide and glycosidic bonds. The hydroiysis was carried
out with 0.2 N NaOH for 24 hours at 37°C; the éolution was then .chilled
and caref&lly acidified Eefone extraction with chloroform. Because the
hydrolysis of fatty acid esters would certainly have changed the solubility
properties of 1lipid A, thé aqueous solution, after chloroform extraction
and neutralization, was dialyzed and the dialysate examined for the
presence of glucosamine and amino acids,

More than 80% of the lipopolysaccharide was recovered in non-
dialysable form. From § to 12% was liberated as chloroform soluble materialj
its infrared spectrum showed strong carboxyl absorption, no amide .absﬁrp—
tion and absorption typical of that for fatty acids. Analysis of this
fraction showed a nitrogen content of 0,10% and negligible phosphorous
content. The dialysate contained éeveml ninhydrin positive components,
including the four amino acids. None of these components, however', gave a
typical color with the Elson-Morgan reagents. or with periodate, thus indi-

cating that glucosamine was not released during this hydrolysis. These

results are represented in Figure 9.
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Figure 9, - Paper chromatography of the products of mild alkaline hydrolysis
of purified lipopolysaccharide. '
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The results of the experiment indicate that amino acids do not

link lipid to polysaccharide in Vibrio fetus lipopolysaccharide, a possi-

bility suggested by Nowotny (77) for Escherichia coli lipopolysaccharide;

however, these acids are present either as esters or as contaminants which
have been carried through the purification process. .

B. Analysis of lipopolysaccharide and lipid A for KDO (2-keto-3-

deoxyoctonoate) The keto acid, 2-keto-3-deoxyoctonocate (KDO) was first

discovered in lipopolysaccharide of Escherichia coli by Heath (36). Osbom

(83) presented evidence suggesting that the polysaccharide moiety consists
of heptose phosphate chains terminating in KDO, which, at the reducing end
of these c;hains, functions as the lipid-polysaccharide linkage group.
Similar evidence for the function of KDO has been found in Salmonella
typhimurium lipopolysaccharides (37), and Kasai (48) isolated lipid bound
KDO by mild acid hydrolysis from lipopolysacchariae of Escherichia coli.

All of these studies point to KDO as the terminal component of the poly-
saccharide to which the lipid A moiety is attached, On the assumption that

a similar structural link may be present in Vibrio fetus lipopolysaccharide,

both lipid A~II and the purified lipopolysaccharide were assayed for KDO,
Qualitative analysis by paper chr'onlaf«;g;g‘z_\aphy revealed the presence

of one spot for iipid. A-II with the same Rf value as authentic KDO. Both

lipopolysaccﬁaride‘s gave three spots, one of which was identified as KDO.

The other two components are probably deoxyheﬁoses, which are known con-

stituents of the polysaccharide moieties of a variety of lipopolysaccharides.

The results of qualitative analysis for KDO are represented in Figure 10,
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The sample preparations of lipid A-II and lipopolysaccharides

were also assayed for KDO by the periodate-thiobarbituric acid reaction

of Aminoff (3). The absorption curves obtained for the standard lipid A-II.
and LPS preparations are shown in Graph 3. The absor-ption peaks at 5u9 .mu, '
which corresponds to that obtained with the standard, are pr‘esmr:ptive .
evidence for the presence of KDO in both lipid A-II and the intact Lipo-
polysaccharide. An additional peak at 452 mu was observéd for the lipo-
polysaccharide from Escherichia coli which was not found in the Vibrio fetus

preparation. This peak is probably a KDO derivative, perhaps KDO—heptose-'

phosphate, which forms a similar complex with thiobarbituric acid. Other

deoxyhexos';es not present in the Vibrio fetus lipopolysaccharide could also
account for this absorption. Based upon analysis in triplicate for KDO., '
1.4% of the lipopolysaccharide and 0,20% of the lipid A-II consists of KDO.:
The result obtained for the lipopolysaccharide is. probably high since the
deoxyhexoses found in the lipopolygaccharides (paper chromatography) are
also being measured in this reaction.

The fact that KDO was found in both lipid A-II and lipopoly-
saccharide suggests that this residue may. functioh as the linking group
between lipid and polysaccharide. Since no conclusive structural analysis
of hepéose—phosphate-l(l)o-lipid A derivatives was attempted, the evidence

remains presumptive only.

II. Determination of the linkage between glucosamine residues

A, Possible structures for lipid A  The essential features of

the structure of lipid A with which this study is concermed are the link-

ages between lipid and polysaccharide (discussed previously) and between
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Graph 3. Absorption curves of the products of the periodate-thiobarbituric
acid reaction. (a) Escherichia coli LPS, (b) Vibrio fetus LPS, (e) Lipid
A-II, (d) XDO standard.
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glucosamine molecules. Equally possible are a glycosidic bond and a
phosphate diester as illustrated by the following structures:

cH,0coR cW, 0CoR Glycosidic
:: ° o
ocoR )/O o Linkajc !
P03 l — OCOR “
NH-co-R N -co-R :
LH,0CoR cH,0coR .
Ho 9 o o o Phospho diester
W / ~ ot
ocoR aP L_inknje
' 0coR
o-
NH-co-R NH-co-R

In both of these structures, R represents the possible locations of acetyl
or long-chain fatty acids, Acetyl groups may also be esterified with the
hydroxyl groups of B-~hydroxymyristic acid.

A‘molecular weight based on either of these unit structures has
been calculated. Table V compares this molecular weight, as well as the
calculated percent of each component present, with the analytical data
found for A-II.

Table V. Analytical data for lipid A-II

Calculated _ Found
Molecular weight 1680 ————
"Fatty acids (5) | 68% . 62-65%
‘Nitrogen o f 1.67% ' 1,76%
Phosphorous B 1.85% 1.96%

Glucosamine ’ 21% _ 20.3%
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Table V (Continued)

Calculated Found
FAE, equivalents/mole 4,01 or 5.0 2.8%
FAA, equivalents/mole - 2.03 . 2,14 .

1pased uptn glycosidic linkage.

2Bésed upon phosphodiester linkage.

3Ba'secl upon either glycosidic or phosphodiester linkage.
“Based upon a calculated molecular weight of 16 80;

This comparison of the data suggests that. the core structure of

" lipid A is composed of two fully acylated glucosamine molecules, Changes '
in the position of the glycosidic bond or of the .phosphodiesfer, respec~
tively, allow a number of variations of the two basic possibilities of
linkage. A glycoéidic bond may join one glucosamine molecule to the 3-,
4-, or 6-position of the second glucosamine molecule., The unusual stability
toward acid hydrolysis of the glycosides of glucosamine and of N-acetyl
glucosamine, as compared with the glycosides of gluéose, has long been
recognized (42, .68, 25). The~nﬁ.ld acidic conditions used in the prepara-
tion of 1lipid A (0.1 N formic acid for 45 minutes at 100°C) would not be
expected to degrade much of the 'glycosidic linkage, if the glucosamine
units in lipid A are joined in this manner. Also possible is a glycosidic
bond between a glucosamine molecule and the hydroxyl substituent of 8-
hydroxymyristic acid, the carboxyl function of which could form either an

ester or an amide with a second glucosamine molecule. Such a possibility.
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is suggested by the structure of a glycolipid produced by Pseudamonas
aeruginosa (43), in which rhamose and 8-hydroxy decanoic acid are joined
glycosidically, The following structure has been proposed for this

glycolipid:
| CHy 0
o9 .
Ho 0/‘“"‘“1“""”““.’7‘“&
(ety), (sl §
: !
: : H
oH oH | o4 - cH, CHy

This compound also.shows considerable resistance to acid hydrblysis (43).
In the case of a phosphate diester, the hnkmg may be between the
Y-position of one glucosamine moleq.tle and the 3-, 4-, or 6-position of a
second glucosamine molecule, tﬁ.nkage may also occur between the l-position
of a gluéosanﬁne molecule and the U~position of another; or the Y-position
of one glucosamine molecule may be linked with the hydroxyl functién of
B-hydroxymyristic acid, a structure which again could form either an
ester or an amide with a second glﬁcosanﬁhe molecule., The primary, and
probably the secondary, phosphate esters ‘show enough resistance to acid
hydrolysis (62) to have survived the conditions of ‘preparation of lipid A,
Using 6-phosphoglucosamine only 1-2% of the phosphorous was released
after 30 minutes hydmlysis at 100° in 1 N HCi. A linkage involving the
1-position, however, is not likely because N-acetyl glucosamine l-phoéphate,
as shown by Leloir and Cardini (57), is unstable to 1 N HCL at 37°C and
is hydrolyzed in 10 minutes in 1 N éulfuric acid under refluxing condi-

tions (58).
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To distinguish between the two basic possibilities of linkage within
lipid A, two chemical approaches are especially applicable, The first of
these, alkaline degradation under mild conditions, should preserve glyco-
sidic linkages, while causing degradation of carboxyl esters and possibly
of phosphate diesters, though some degradation of the reducing amino sugar
can also be expected,

The second approach, sodium borohydride reduction of the lipid, allows
conversion of all the free carbohydrate aldehyde to alcohol, with possibly
same concamitant reduction of the esters, Characterization of the products
following acid hydrolysis of the reduced lipid should distinguish between
glycosidic’:ally linked structures and those in which both glucosamine mole-
cules are reducing.

B. Alkaline hydrolysis of lipid A When 1lipid A-II was hydrolyzed

~ under mild conditions (1 N NaOH in MeOH at room temperature for 4 days),

63% was recovered as long-chain fatty acidsj; ammonia amounting to 6.,2%

of the nitrogen originally present in the reaction mixture was also released;
10.4% was insolubie in water and chloroform, and soluble in pyridine; about
‘6% was recovered as unchanged lipid A.

The evolution of ammonia indicates some hydrolysis of amides,
'possibly due to the duration of the reaction: the hydrolysis was prolonged
because of 'thg insolubility of the initial 1ipid in methanol. The result
6f the triphenyltetrazolium chloride test - that lipid A is reducing - is
substantiated by the release of ammonia, since reducing amino sugars

evolve considerable ammonia under the same conditions.
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The amount of fatty ac¢id released is comparable to the total non-
volatile fatty acid content of lipid A (60-65%). About cne~third were .
hydroxy fatty acids as shown by vapor phase chromatography. These . '
results imply that hydroxy fatty acids are not glycosidically bound in
lipid A; since some amide bonds were cleaved, this experiment does not
give information on the relative amounts of N-acyl and N-acetyl substitu-
tion.

The moiety of limited solubility (only soluble in pyridine) was
found to contain a nitrogen to phosphorous ratio of 2.6, Though insoluble
in water, this material dissolved in 2 N NaOH ;to give a deep yellow colored |
solution, f. This fraction exhibited strong amide and no ester absorption
in the infrared and is considered to be the degraded glucosamine core of
lipid A. | |

C. Sodium borochydride reduction Samples of A-II were subjected

to sodium borohydride reduction in absolute ethanol. After 72 hours reac-
tion at room temperature, with occasional heating to 70°C, the mixture
was a clear orange solution. Four distinct fractions were obtained from
the solution: (1) a chloroform soluble oil (42.8%), (2) a water soluble
fraction (1.1%), (3) a water insoluble fraction (31%), and (4) a fraction
only soluble in pyridine (24.3%). .

| Analyticai data, including nitrogen, phosphorous and glucosamine
‘content, were obtained where possible for each of the fractions. These
data .are summarized together with calculations based upon them in Table VI,
(These data were obtained on small samples and, in most cases, were single
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determinations only. Such limiatations must be kept in mind when con-

sidering the implications of the data.)

-

Table VI. Products of reduction of A-II

Fraction N P ‘N/P Total N (%) Glucosamine % %"ﬁg‘%.
1 0,02 0.03 2 1.2 — —
N - . L
3 | 1.93 2.10 2,1 3u 13 52.9

M 2.8 3.1 1.9 25 16 45,0

In Table VI the percent total nitrogen is the amount of the
nitrogen —‘originally present in the reaction mixture - which is found in
the respective fractions. The calculated glucosamine value is based on
nitrogen content. |

Fraction 1 showed considerable hydroxyl and marked ester absorp-
“tion in the infrared, while little or no amide absorption was apparent.

The pfesence of low amounts of nitrogen in this fraction is possibly due to
some degradation o}.’ the chief products of the reductions.

In view of the limited water solubility of fraction 3, fraction 2
and 3 are probably similar material differing slightly in fatty acid sub-
stitution, These fractions when tested with the triphenyltetrazolium
chloride reagent gave a négative test, indicating complete reduction. They
were also slightly ninhydrin positive, the result of some hydrolysis of
amide which probably occurred during the removal of borate from the |
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reduction products (repeated evaporation of acidic methanol at r'oom
temperature), Fraction 2 was too small (2.8 mg.) to allow glucosamine
determination, bujt such determination is obtained for fraction 3., When -
the amount of glucosamine found in fraction 3 ié compared with the possible .
glucosamine content calculated from the percent nitrogen in these frac- .
tions, it is apparent that approximately half of the amino sdgar is still
present as glucosamine, while the other half is presumably gluéosgnﬁnbl
since the latter does not react with the Elson-Morgan reagents. Frac-
tions 2 and 3 represent about 35% of the total nitrogen originally present
in the reaction mixtures. Their limited water solubility, compared with
the insolt.xbility of fraction 4, indicates that the relationship betwéen
these fractions and fraction 4 is probably one of fatty acid substitution,
in particular, amide substitution. The fact that fractions 2 and 3 are
slightly ninhydrin positive suggests N-acetyl substitution,

Fraction 4, accounting for 25% of the total nitrogen, is the main
nonfatty acid product of the reduction. This fraction exhibited only amide
absorption in the infrared., When tested with the triphenyltetrazolium
chloride reagent, fraction 4 was negative. The ratio of glucosamine,
calculated from the percent nitrogen in this fraction, to that actually
found indicates that 45%, or approximately half, of the expected glucos-
amine is present. The rema::.n:mg 55%, as with fraction 3, is presumably
present as glucosaminol. A satisfactory solvent system was ndt found for
. the separation of acid hydrolysates of N-acetyl glucosamine and N-‘acetyll
glucosaminol. Therefore, analysis of these fractions by chromatography

on borate-treated paper proved to be unsatisfactory.
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The results of the reduction and alkaline degradation studies of
lipid A (performed on a semi-micro scale) clearly indicate that two glucos-
amine molecules are linked glycosidically, since after compiete reduction
approximately half the amino sugar present is still glucosamine. The
appareﬁt stability of the reduced unit to alkaline hydrolysis, if con-
firmed by isola_tion and characterization of the disaccharide, would indi-
cate that the glycoside joins two glucosamine molecules without involving
a hydroxy fatty acid; either an amide or an ester of the latter with a
second giucosamine molecule should cleave under the conditions of alkaline
hydrolysis. | | .

;\ phosphate diester linkage does not seem likely because two
glucosamine molecules so joined should be completely reduced to glucos-
aminol, in which case a nonnedﬁéing unit should c;ontain no glucosamine,
Suéh a unit should also cleave under ‘al]kaline conditions,

Results and Discussion of the Toxicity Studies on
Lipopolysaccharide, Lipid A and Lipoalbumin Preparations

One of the purposes of this investigation was to obtain informatien
on the relationéhip of lipid A to the toxic effects of lipopolysaccharide
antigen, detected in our previous studies (120) with this strain., In
addition to assaying the toxicity of purified and crude lipid A directly,
an artificial lipoprotein was prepared and assayed. It was composed of
lipid A and a nonbacterial, nontoxic profein. In this manner, the lipid
moiety was assayed for its toxic effect in the absence of the polysaccharide

moiety.
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The intact. lipopolysacchéride complex was also subjected to chemical
alterations, using mild sodium hydroxide and the enzymg papain, in an
attempt to split the fatty acid ester linkages of lipid A, In addi'tion,
lipopolysaccharﬁe was oxidized with periodate, a procedure effecting
changes only in the polysaccharide moiety. These preparations were then

assayed. for loss of toxicity relative to intact lipopolysaccharide.

I. Preparation of chemically altered lipopolysaccharide and lipid A

The artificial lipoprotein was prepared by coupling lipopolysaccharide
to twice crystallized bovine albumin forming a complex which in turn could
be split with dilute acid into degraded polysaccharide and artificial
lipoalbumin, This 'pmcedure is shown schematically in Figure 11, The
coupi:‘.ng was accomplished at pH 8.0 and the solution was then acidified to
pH 6.0. The addition of 5% TCA at this point did not throw albumin out of
solution as would be the expected if it were free in solution. So it can
be argued that there is some artificial complex formation. If this protein,
1lipid and polysaccharide complex (which may be taken as a model of the
" whole endotoxic coirpiex) is fneafed w'ith‘dilute acetic acid, then the-
polysaccharide is split off in the degraded state, and an arrtificiél lipo-
protein containing only l.4 to 2,8% carbohydrate is obtained. The prepara-
tion, freely solubie in saiine, was tested for toxicity in concentrations |
up to 1200 ug/mouse. |

Treatment of lipopolysacchanide with NaOH resulted in degradation of
the lipid. Fatty acids and a n:.nhydm.n positive substance, identified as
hexosamine, were released by mild alkaline hydrolysis (b.25 N NaCH, 3 hours
at 37°C). The reaction product still contained lipid which could be

]
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liberated and precipitated with 0.1 N formic aéid. Treatment with NaOH
appears, therefore, to change the lipid qualitatively by splitting off
fatty acid residues. To ascertain the effects of NaOH degradation,
samples of the NaOH-treated lipopolysaccharide were tested for toxicity.

Treatment of intact lipopolysaccharide with the enzyme papain did
not result in release of measurable fatty acid residue., This enzyme,
capable of splitt:i:ng both ester and amide bonds (52) in proteins, appar-
ently does not function in like manner toward the long chain fatty acid
esters and amides linked to glucosamine in lipid A, Despite the apparent
lack of chemical alteré.tic&n, a moderate loss of toxicity was observed
for the p;pa:m preparation ,‘ a resui‘t which will be discusséd in the next
section. | ’

Periodate oxidatioﬁ of liﬁopolysaccharide caused a complete loss of
serological O antigen specificity as shown by immunodiffusion t-ests. It
also resulted in oxidative cleavage of sugar units as determined i)y titra-
tion of free aldehyde groups. Since the oxidized polysaccharide component
remains chemically bound to the complex, the molecular weight remains
essentially unchanged, There is no apparent effect of periodate treatment
on the lipid A oomponen‘c;' neither-fatty acids or glucosamine were released,
Any observed loss of toxicity from this preparation should therefore be

| attributable to changes in the polysaccharide moiety.

II. Toxicity of the preparations

The toxicity of the lipopolysaccharide, lipid A and polysaccharide
moieties and artificial lipoprotein were determined in male mice. Three

days after the inoculation the number of surviving animals was determined
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and the LDgg (le?:hal dose for 50% of the animals) was calculated according
to the method of Miller and Tainter (66). In Table VII are recorded the
mean LDgg values obtained in these experiments,

The results shown in Table VII are sumarized and discussed below
with respect to each pmpératim.

A. Mild sodium hydroxide treatment resulted in the complete loss of
lethal effects for preparations of the lipopolysaccharide tested in con-
centrations up to 800 ug/mouse.. At 1000 ug, death occurred in 10% of the
animals tested, Above this concentration the sample was not completely
soluble and was not tested further, "

B. 'i‘reatnent of lipopolysaccharide with active papain resulted in
an LDgg of 400 ug as canpared with 300 ug for the controls and 267 ug
for untreated lipopolysadduariée. Interestingly, the control preparations
gavé. an LDgg 33 ug higher than untreated lipopolysaccharide, This could
be attributed to the effect of the EDTA present in the reduced buffer.
Gray and Wilkinson (32) have recently examined the effect of EDTA on the
.cell walls of several Gram-negative bacteria; they report that EDTA exerted
a poteni: bactericidal action against these organisms by solubilizing the
phosphorous and carbohydrate c&nponents of the cell walls, thus destroying
their structural integrity. Similar effects could account for the lower
toxicity of the control prepar'ati:ons, as well as exerting an effect on
the active papain-treated lipopolysaccharide.

C. Periodate-treated lipopolysaccharide was -nontoxic in concentrations
up to 1000 ug while the periodate éontml gave the same LDgg as untreated
lipopolysaccharide, As diswss:ad in the previous section, periodate |
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Table VII. Toxicity of lipopolysaccharide, lipid and artificial lipoprotein

preparations
Preparation IDgg (ug/mouse)
LPS-Untreated 267
Endotoxin-Escherichia coli 375

LPS~-Dimethylsulfoxide prep,

LPS=-NaOH treated

LPS-NaOH control
LPS-Papain (active)

LPS-Papain (inactive)

LPS-Papain (buffer only)

.LPS—Periodate
LPS-Periodate control

Polysaccharide moiety

Nontoxic at 1000 ug

Nontoxic at 800 ug; 10% deaths at
1000 ug

. 267
400
300
300
Nontoxic at 1000 ug
267

Nontoxic at 3000 ug

Lipoalbumin 1,067
Crude lipid A 5,900
Fraction A-II 5,900
Deaths , Deaths
2.5 mg dose ¥ Tested 5.0 mg dose ¥ Tested
'Fraction A-III 2/4 | 3/3
Fraction A-IV 2/3 13/3
Fraction A-V 3/4 _ 3/3




104
treatment results in cleavage of sugar residues without apparent loss of
the oxidized polysaccharide components from the complex, and it also results

in loss of serological O antigen specificity. Structurally intact poly-

saccharide appears, therefore, to be necessary for expression of in vivo

toxicity. The oxidation of a certain portion of the sugar residues may
prevent the polysa‘bcharide from functioning as an effective water soluble
carrier for the lipid A moiety or from binding to sites on susceptible
cell surfaces. An alternate expla‘nation could be that toxicity is dependent
upon a specific conformation of the polyéaccharide chains. The destruc-
tion of such a conformation by periodate oxidation would result in an
inactive 15reparation.

D. The polysaccharide moiety, recovered after mild acid hydrolysis
and precipitation of lipid A, was nontoxic in concentrations up to 3000 ug.

~ Similar results were found in our previous studies (120) with Vibrio fetus

lipopolysaécharides .

E. The artificial ln;.poalbwni-n was toxic at a relatively high concen-
tration - an LDgg of 1067 ug compared to 267 ug for the untreated lipopoly-
saccharide. Thus, our best preparation of the lipoprotein was of the order
of one-fourth the activity of the original material; whereas the degraded
polysaccharide is quite inactive. From these data it can be argued that
the lipid component is the most important moiety for toxic activity, while
the polysaccharide functions as a water-solubilizing carrier, the function
of which may be taken over by some otherwise biologica;.ly inert protein,

F. As the results of Table VII indicate, 1ipid A, while still toxiec,

is not nearly as potent a toxin as the entire lipopolysaccharide complex.
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The LDgg value of 5900 ug for both crude and purified lipid A is 22 times
higher than that of the lipopolysaccharide. The limited solgbility of
lipid A may have an effect on its toxicity; Westphal (128) found a correla-
tion between tokicity and the dispersion of lipid A in water: ultrasoni-

cating preparations of lipid A from Escherichia coli increased by five-

fold the toxicity of these preparations.

It is interesting to note that purification of lipid A did not alter
its toxicity. Apparently lipid A, to exert maximum toxic effect, must be
bound to a larger complex such as polysaccharide or protein, Whether the
polysaccharide functions simply as a water soluble carrier or exerts an
active ef%ect, such as attachment of the complex to cell surfaces, is open
to question. It can, however, be‘argued from results in Table VII that

lipid A is in same way essential to the toxicity of Vibrio fetus lipopoly-

saccharide.

III. Possible roles of lipid A in toxicity of lipopolysaccharide

A, A direct role The observations concerning the toxicity of

Vibrio fetus lipopolysaccharide -suggest that the toxic effects are probably

not associated with the polysaccharide and antigenic side chains, but seem
to be related to their O-acetylated constituents. The loss of ester and
amide bound fatty acids correlé.tes with the loss of foxicity of the lipo-
polysaccharide. This could mean that a certain unique fatty acid or lipid
is present which is toxic by itself and which represents the actual toXo-
phore group. Our results do not tend to confirm this idea, although as
.mentioned pmviously, the limited solubility of lipid A in aqueous media

may prevent its adequate testing.. It must also be mentioned that it has
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never been possible to obtain 100% recovery of the lipopolysaccharide by
totaling all identified compounds. This indicates that a certain per-
centage of Unknown or unidentified- compouﬁds exist in most lipopolysaccharide
preparations. |

B. ‘Indirect roles’

1. If is possible that lipid A may function as a stabilizer for
a specific "toxic conformation: a specific steric configuration which is
:nesponsible for eliciting some to#ic effects, Once these fatty acids are
removed, the .'prepara'tion, although still‘ retaining the actual chemical
groups responsible for .toﬁcicity,' does not have the proper steric config-
uration necessary for eliciting the reactions. Perhaps this can best be
explained by an unfolding or uncoiling of the particles.

2,. Fatty ac_i&s of lipid A might affofd a considerable stability
toward the endotoxin-target cell interaction t’nrouéh apolar bonding with
lipoPhillie ‘companents of the target cell. Without these fatty acids only
a loose association mig'ht.ensu_e, which viquld allow the lipopolysaccharide
to be more easily dissociated from the target cell.

3. Fatty acids might provide a nonpolar envelope which inhibits
catabolic hydrophillic enzyme systems from degrading or eliminating llpo-
polysacchamde.

4, Lipid A may provide, through mediation of their fatty acids, a
passage through lipophillic membranes where they gain access to target areas
within the cells. |

In light of the chemical and Siological heterogeneity of lipopoly-
saccharide preparations, the i:»ossibili‘ty of finding a specific chemical
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“component responsible for all the toxic manifestations may be fairly remote.
The toxicity may be produced by the cumulative effects of a series of
reactions, mediated by a complex array of both physically and chemically -

distinct components, in which lipid A is an essential constituent,
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SUMMARY

In our previous studies (120), preliminary immunodiffusion experiments
indicated the presence of an antigen common to the cell wall material of

several strains of Vibrio fetus. This antigen was isolated and chemically

characterized as a lipopolysaccharide.
In this study, a series of experiments were undertaken to determine
the chemical composition and toxicity of the lipid moiety of lipopoly-

saccharide extracted from Vibrio fetus.

Lipopolysaccharide from virulent strain 925 of Vibrio fetus was pre-

pared by extraction of the cells with 45% aqueous phenol and purified using
acetone-sodium chloride precipitation in conjunction with ultracentrifuga-
tion. The purified product was devoid of protein and nucleic acid con-
taminants as shown by ultraviolet absorption spectra apd chemical analyses
for protein and nucleic acid,

After a cénxparative study of the yiéld and amount of degr'adatioﬁ ob-
tained using different hydrolytic methods, 0.1 N formic acid was chosen as
the hydrolytic method for the preparation of .lipid A from the purified lipo-
polysaccharide. The extraction mixture, containing free fatty acids and
crude lipid A, was purified by column chromatography on Sephadex and silicic
acid. These steps resul‘téd in the recovery of 73% of the crude mixture,

Purified lipid A was characterized chemically using qualitative and
quantitative pr*;acedures.‘ Fatty acids, oonstitufing 60-63% of lipid A,
were extracted with acetone followir;g alkaline degradation. Their methyl
esters were prepared and analyzed by thin-layer and.vapor phase chromatogra-
phy. Five long-chain fatty acids were identified in the following amounts:
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myristic (31.5%), palmitic (26.1%), palmitoleic (10.3%), oleic (5.8%), and
R-hydroxymyristic (19.0%). Three to four unidentified components, con-
stituting 7% of the total, were also noted on both thin-layer and gas
chromatograms,

The core structure of lipid A .was ahalyzed by paper chromatography
techniques and high voltage electrophoresis of acid hydrolysates. Poly-'
giucosamine containing 1.96% phosphorous was identified as the core
material. Quantitative analysis revealed that glucosamine constitutes
20.3% of the lipid A moiety. This value accounts for all the nitrogen
content of the lipid within the limits of error of the determination.
Analysis of lipid A for fatty acid ester aﬁd amide content indicates that
the hydroxyl groups of glucosanine are fully acylated with long chain
fatty acids or acetyl groups.

Structural studies on lipid A using sodium borchydride reduction and
alkaline degradation have shown that glucosamine molecules in the core
structure are linked glycosidically; Approximately equal quantities of
glucosamine and glucosaminol, accouh‘ting for all the nitrogen present, were
recovered upon reduction with sodium borchydride, whereas alkaline degrada-
tion did not extensively alter the 1lipid A core. The bifunctional nature
~of the amino acids, aspartic and glutamic, found in the intact lipopoly-
saccharide suggested that a beptide component could serve as a linkage
between lipid and polysaccharide moieties. An experiment using 0.2 N sodium
hydroxide under mild conditions, designed to split such a linkage, did not

result in degradation of the lipopolysaccharide into lipid and polysaccharide

components.
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The component linking lipid and polysaccharide in other Gram-negative
organisms, 2-keto-3-deoxyoctonoate, was also identified in lipid A from

Vibrio fetus lipopolysaccharide by paper chromatography. Quantitative

analysis indicated approximately 1% 2-keto-3-deoxyoctonoate in lipopoly-
saccharide and 0,2% in lipid A.

Chemically modified preparations of lipopolysaccharide from Vibrio

fetus were tested for toxicity in mice. Lipopolysaccharide, when modified
by treatment with 0.2 N sodium hydrbxide or degraded with papain, resulted
in a loss of fatty acids and small amounts of glucosamine., Complete loss
of toxicity occurred in the sodium hydroxide treated lipopolysaccharide
and also ;.n lipopolysaccharide partially oxidized with 0.1 N periodafe.
Papain treatwent resulted in a moderate loss of toxicity.

The toxicity of the lipid A and polysaccharide moieties was also tested
in mice. The polysaccharide was nontoxic, while lipid A resulted in an LDgg
of 5900 ug compared with 260 ug for the native lipopolysaccharide., An arti-
ficial lipoprotein which was prepared from lipopolysaccharide and bovine
albumin - a nontoxic, nonbacterial protein -‘ was one-fourth as toxic as the
native lipopolysaccharide. This preparation contained only 1-2% residual
carbohydrate and all of the lipid from the lipopolysaccharide preparative
material. The toxicity results indicate the polysaccharide moiety may func-
tion as a water soluble carrier for lipid A, which is involved either direct- -
ly or indirectly in the toxic manifestation., Whether the toxic lipopoly-

saccharide from Vibrio fetus is the major factor in the virulence of this

organism remains to be evaluated.
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