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\ \ ABSTRACT

\ Ph.D. Joseph M. DiRienzo Microblology

" w : i \ , 1

e STUDIES ON THE tIPOPOLYSACCﬁARIDE OF A MARINE BACTERIUM

\
A smooth type lipopolvsaﬁcharide (LPS) was extracted from whole '
cells of a marine pseudomonad (ATCC 19855) with phenol-water. Carbo-

et hydrate analysis by gas-liquid chromatography (GLC) of the alditol
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f;, acetate derivatives of the sugars present established that the LPS
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g contained 3% heptose, 5% glucose, 87 galactose, 8% 2-amino-2-deoxy-

!
glucose, 127 2-amino-2-deoxygalactose, 2% 2-amino-2,6-dideoxyglucose,
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and 1% of an unidentified monosaccharide. Sodium dodecyl sulfate )

' \
(SDS)-polyacrylamide gel electrophoresis experiments demonstrated
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that the purified LPS isolated was an agéregaté coﬁposed of thr%?
carbohydrate polymers and suggested that these polymers represented

various molecular species of the LPS. Lipopolysaccharides isolated

from Escherichia coli 0111:B4 and Salmomella typhimuriwm LI2, two

bacteria which have been used ?xtensively in cell wall studies, showed

a similar heterogeneity in the polyacrylamide gel system. The three
components'frOm the marine pseudomonad, designated ﬂ%g‘l, I1 and:III, »
in order of increasing electrophoretic mobility, were isolated and L=
analyzed by GLC. Lipopolysacchgride 11T was composed of lipi& A and

the core sugars, heptose, galactose and 2-amino—2—deoxygalagt93e v

while lipopolysaccharides I and II represented smooth forms of the
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molecule each apparently having a different O-antigenic side chain.
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. / : It was deduced that the side chain in LPS I| consiste/zt/i of galactose, )
2-amino-’-2-deoxyga1.actose, 2-?mino‘—2-deoxyglucose, q’nd 2-amino-2,6~- .
( dideoxyglucos/e. It was proposed that the side ch}.ﬁin in ‘LPS II was -

.

iR

\
e

%

composed of galactose, glucose, and 2-amino—2-de6xyga‘lactose. A i -

homologous cross-reaction was obtained between i.?S I and II during

JEARPTIEY .9 2

double jmmunodiffusion studies using a whole jell‘ antiserum, how-
N ¥
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‘ | ever, no precipitin reaction was obsemeci w:{)ﬁh L?S'; LIT. The LPS o
species were localized in the outer cell wall layers of the marine :
pseudomonad which rrepreeent the periplasm{}c region, the outer tri- ~ \

partite membrane, and material exterior to the ‘outer membrane.
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; RESUME :
e ‘ « .
" . Ph.D. Joseph M. DiRienzo Microbiologie

’ ETUDE SUR LE LIPOPOLYSACCHARIDE D'UNE BACTERIE MARINE - ' ;

i

-,

Un type de lipopolysaccharide (LPS) lisse fiit extrait 2 partir'
de cellules entidres d'une bactérie du genre Pseudomonas d'origine
marine (ATCC 19655), avec un mélange de phépol et d;eau. L'analyse )
m}} b " de 1l'hydrate de carbone par chromatographie en phase gazeuse-liquide
. (GLC) des déri‘.viés d'acetate d'alditol du sucre présent a &tabli que

Feraaal
v le LPS contient 3% d'heptose, 5% de glucose, 8% de galactose, 8% de

2-amino~-2-deoxyglucose, 12% de 2-amino-2-deoxygalactose, 2% de 2-amino-

” 2,6-dideoxyglucose et de 17 d'un monosaccharide non identifié. _ Des
expérien::es d'électrophorese employant' tm’ gel de ;;olyacrylamide-sul- ’
fate dodécyl de sodium (SDS) ont montré que le LPS purifé était un
aggrégat composé de trois polyméres d'hydrates de carbone et sugéérent

) }7& que ces polyméres repr[é\sentent diverses espéces moléculaires du LPS. ’

Les lipopolysaccharides extraits de Escherichia coli\0111:84 et de Lo
Salmonella typhimurium LT2, deux bactéries qui ont été abondanment

utilisées dans les études de 1'enveloppe cellulaire, montradrent une ) \
hétérogenéité simiiarie dans le systéme & base de gel d'amide poly-
acrylique. Les trois composants dﬁ LPS de la pseudomonade d'origine
marine, désignés LPS I, II et III, par ordre croissant de mobilité

électrophorétique, furent isolés et analysés par chromatographie en

phase gazeuse-liquide. Le lipopolysaccharide III était composé d'un

. |
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- 1ipide A et d'un centre 2 base de sucres d'heptose, galactose et 2-

amino-2-deoxygalactose, alors que les lipopolysaccharides Iﬂwet I1
N~

représentaient des formes lisses de la molécule, chacun ayant appar-

o Ao B S e R ok NS R N

N une chafne antigénique-0 différente. On a déduit que 1a' " x
c};aﬁe latérale dans le LPS I’ étqit composée de galactose, de 2-amino-
2-deoxy gala -tose,. de 2I-amino\-2—deoxyglt;c;ose et Ae 2-amino-2,6-di~
deoxyglucose Illfut proposé que la chalne latéra'le de LPS II était - é |
formée de galactose, glucose e‘: de 2-amino-2-deoxygalactose. Une réac- ” |
tion croisée homologue entre le LPS I et I]E. fut obgervée durant des :
études d'immumodiffusion double utilisant un antiséxum préparé a par- j’%

=
e

et

tir de cellules entidres, et pourtant, il n'y a pas ed de réaction de
précipitines observég avec lg LPS III. Les différentes espéces de LPS
furent localisées dans le;z couches extérieures cie la paroi cellulaire f "
he la bactérie d'origine marine, que représentent la region périplas-
, o

mique, la membrane tripartite extérieure et une substance extérieure o

a2 la membrane glle—méme.
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LAIM of CON TRIBUTIONS to KNOWLEDGE

The' 1lipopolysaccharide (LPS), as extracted from whole cells
of the m;rine pseudqmonad, was an aggregate compdsed of three
compositionally distigct species. Evidence was presenéed which
implied that two of these species (LPS I and IL) contained 1lipid
A, core, and side chain regions while the other (LPS 111) consis-

ted of ;ipid A and core.

1

The LPS species were isolated by preparative sodium dodecyl

sulfate (SDS)-polyacrylamide gel electrophoresis\and were shown

!
!

to be completely homogeneous.

v

The carbohydrate compositions of the LPS species were deter-
mined by gas-liquid chr;matography of the corresponding alditol
acetate derivatives. It was deduced from the molar ratios of
the carbohydrate components in the LPS species that the side chain
repeating unit in LPS I c%ﬂ:iStEd of a tetrashccharide containing
galactose, 2—amino-2—deoxygé1actose, 2-amino-2~deoxyglucose and
2—amino-2,6—dideoxyglucose:' Tt was also inferred from the dat®
that the side chain repeating unit in LPS II was a trisaccharide
composed of galactose, glucose and 2-amino-2-deoxygalactose. These

conclusions suggested that two different 0 antigens existed in

the same bacterium.

xviid
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4. Compositional analysis of the LPS suggested that the unusual

%

monosaccharide, 2-amino-2,6-dideoxyglucose, was an 0-antigen-speci-

fic component.

L7

e

5. A homologous cross-reaction was observed between LPS I and
II when they were reacted with a whole~ce11 antiserum. Consequent-
. \
ly, there was a serological cross—reaction between two different

O-antigens. No precipitation reaction was obtained with LPS III.

6. The LPS species were localized and quantitated in the peri-

I

plasmic region, the outer tripartite membrane and in a loosely
bound cell wall layer exterior to the outer membrane. They were
also present in the growth medium in late logarithmic phase cul-

tureg,

7. Attempts were madé to ‘examine the biosynthesis of the LPS

molecular species. Lipopolysaccharide I was synthesized rapidly

and was closely followed,within several minutes, by the appear-

=

ance of LPS II. Specles III did net a‘ppear until cultures reached

the late logarithmic phase of growth. g

1

T
\

8. A system was develoﬁed for studying the biosynthesis of LPS
in the absence of preformed cell wall. Mure:inoplast:s and proto-

plasts of the marine pseudomonad were metabolically\ active, pr?-

s
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ducﬁng high molecular weight macromolecules which were found

only in the growth medium.

]

|

T

An electron microscopic study of negatively stained samples
demonstrated that the marine pseudomonad LPS was disrupted in

the presence of SDS and was further dissocciated during SDS-poly-~

acfylamide gel electrophoresis.

Various electrophoresis buffers wer; examined for their
effect on the migration of the marine pseudomonad LPS during-
poiyacrylgmide gél electrophoresis. The results indicated that -
the -electrophoretic mobility of the LPS was due to the presence1'
of SDS in the electrophoresis buffer. The migration of the
lipid A and degraded polysaccharide portions of the LPS molecule
in the SQSﬁbuffer was also tested. The results favored the
existence of an SDS-1ipid A complex in this system. It was’

shown that the migration rates of the LPS species were related

to the relative amounts of lipid A that were present.

It was established that the marine pseudomonad LPS was ex-—
tengively labeled in the polysaccharide chain when cells were

cultured in a medium containing [l%C]galactose. The lipid A

<" _portion of the molecule was labeled only in the 2-amino-2-deoxy-
w

glucose residues. The degraded polysaccharide portioﬁ of the
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" of the lipid A.

12.

13.

14.

tion from variant 3 to variant 1, that occurs with this organism, .

LPS had a specific activity which was ten-fold higher tham that
\ v

The lipopolysaccharides from the marine pseudomonad variant

1

1 (smooth) and variant 3 (rough) were identical as determined

by SDS-polyacrylamide gel electrophoresis, The spontaneous muta-

'

was not related to LPS structure as is the smooth to rough trans-
4 \ .
ition that is observed with some Gram—negative bacteria.
. .

An efficient and sinple method of removing SDS from non-

sulfate-containing biological saﬁples was developed based upon

precipitation with BaCl,. Aé
k»z

It was demonstrated that Neisseria meningitidis LPS was ¢§

an *‘3‘3

s ~ <o

homogeneous as visualized on SDS-polyacrylamide gels. ¥
3
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INTRODUCTION

\

Lipopolysaccharide (LPS) represents one of the major cell wall
macromolecular components in Gram-negative bacteria and blu;-green
algae. An unusual and intriguing characteristic of many lipopoly-
gatcharides is their complex heterogeneity or self-aggregation. The
éﬂ;ly studi§§§;n the heterogeneity of LPS were concerned with the
effects thatiéiésaciation of the endotoxin had on its bioloéical
activity. For instance, Oroszlan and Mora (1963) discovered that a
éertain size aggregate of Serratia marcegcens LPS was necessary to
achieve tueor—damaging potential. Other investigators performed more
detailed physical-chemical experiments on LPS extracted from the whole
cells of a number of bacteria (0lins and Warner, 1967 and McIntire
and co-workers, 1969). The resths established fhe macéomolecular
heterogeneity of lipopolysaccharides from Aszotobacter vinelandii and
Eschertichia chi. Knowing the chemical composition and probable
structure of the components that compriseéd the LPS aggregate was
essential in order to define LPS heterogeneif& and to establish the
relationship, whether it was biosynthetic or otherwise, among the
components. Koeltzow and Conrad (1971) attempted to separate and
characterize the LPS components in Aerobacter aerogenes and succeeded
in éﬁowing the presence of a 1ipid A-~core unit and a lipid-A-core side
chain form of LPS in this bacterium. Although it was suggested that

t

the rough type LPS was a precursor of the smooth form, convincing
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evidence was not“presented. Fuller et al. (1973) using an LPS g
usolated from a rough strain of E. coli demonstrated, the existence
of three core structures. One of the three core oligosaccharides
appeared to be an LPS biosynthetic precursor; however, ;his rema}ned
to be experimentally establishFd. Other studies, of major importance
in LPS research, that were concerned with LPS biosynthesis and trans-
location fer its sitg of“s?nthesis to the outer celi wall, have

LR

;l'!
completely ignored the possible existence of different species of LPS
1 ;

(0Osborn et al., 1972a and Kulpa and Leive, 1976).

<

1

Itwas the aim of the present study to carefully examine the
nature of LPS heterogeneity in a marine pseudomorad iATCC 19855).
Besides attempting to isolate the LPS agg;egatelcomponents and to
determine thelr composition, a special effort was made to establish
that LPS heterogeneity was not the result of degradation due to ex:
traction or purification procedures, to localize the components and
to demonstrate their in vivo biosynthesis. It was hoped. that these
findings would extend the obaervatioﬁ; of the other heterogeneity
studies. The preseﬁt study was a continuation of the LPS research
begun in this laboratory. O0'Leary et al. (1972) originally isolated
LPS from whole cells of the magine pseudomonad and determined its
chemical compositigh; Later, Nelson and MacLeod (submitted for pub-
lication) indicated that the marine pseudomonad LPS may be hetero-
geneous and they locglized the whole cell LPS in the outer cell wall
layers by double immmodiffusion experiments., This represented some
J
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of the only available data concerning the composition and heterd&en- ’

eity of lipopolysaccharides isolated from marine bacteria.
s ‘ )

The immediate goal 6f isolating and characterizing tfs marine
pseudomonad LPS aggregate componenzs was realized and a definite
correlation was demonstrated through arcomparison of éheir‘carbqhy—
drate compositions. Hoﬁefully, this study supplfeé the sufficient-

techniques and analytical information necessary to achieve the long

range goal of elucidating the biologicgl basis of LPS heterogeneity.

o

o The thesis is aivided into four sections, the first section 'is
concerned with characterizing the whole cell LPS. This LPS is termed
"whole cell” to distinguish it from the isolated aggregdte componentg’
deqignéd LPS I; IT and TII. fart II is a transition section which
\ bridge; the study of whole cell LPS“and téat of its constitutive

,parts by establisping the méthods used in the separation. The char-
acteristics aﬂd relationship ofJZEE\L£§~f}mponents are examined in
section III while the final section initiates the biosynthetic o
investigation of the LPS species emphasizing the methods tﬁa; wefe

+ &

employéd.
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LITERATURE REVIEW \ “

- )‘
BACTERTAL LIPOPOLYSACCHARIDES

‘ Lipopolysaccharides are complex macromolecular components of the
Gram-negative cell envelopé and have long been recognized as the
bacterial‘endotoxin. Consequently, a great deal o{ research was de~
voted to finding efficieﬁt methods pf isolation and purification of
this important compound. Detailed inves;igatlons into lipopolysacchar-
ide (LPS) structure and biosynthesis were performed and its location

within the ce}l envelope was studied due to its role as a permeabil-
. b

r
ity barrier and as a pyrogenic and immunogenic qubstance. These

subject areas, involved with the\study of LPS, will be discussed

c,e
through an examination of the pertinent literature.

Teolation, purification, and structure

‘

Boivin and Meserobganu‘(%935) were the first to isolate a cfude

preparation of LPS, however, not until the phenol-~water procedure of

" Westphal et al. (1952) was developed dfﬁ a significant upsurge in the

compositional and structural studies of LPS unfold. Theé advantage of

this extraction procedure was that the LPS, preparation was isolated

* relatively free of loosely bound protein and lipid. The'LPS was ex-

tracted in the water ,phase while the protein and lipid was soluble in
the phenol phase. The protein-free LPS preparations that were obtajined
by this method were more desirable for use in 1mm?nologica1 studies;

the Boivin-type antigen was too heterogeneous. Many varié&d extrac-

1
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tion procedures were subsequently employed and a report by Nowotny
4

and co-workers (1963) adeq;ately reviewed and compared them. The
phenol-water procedure as originally'yonceived, is still th; most
widely used method for the 1soiation of LPS with the only exception
being the phenol : chloroform * petroleum ether procedure for the
extraction of LPS from R mutants (Galanos et al., 1969). The latter

method was more convenient and less time consuming than the aqueous

phenol procedure, but, it did.hot extract smooth forms of LPS.

When LPS 1is extracted from cell envelope preparations with aque-
ous phenol it 1s essentially pure, however, whole cell extracts are
contaminated with nucleic Qcids because of the solubility of nucleic

|

acids in the water phase. Generally, the nucleic acids were removed
with nucleases, by ultracentrifugation, preclpitation with cationic
detérgents such as cetyltrimethylammonium bromide or by a combination

f these treatments (Westphal and Jann, 1965). A more recent method,,. B
\:;;:;\ﬁas:gigcoVered for the purification of LPS, was column chroma-
tography on Sepharose gels (Romanowska, 1970 and Rubio and L;pez,‘
1971). The high molecular weight LPS was eluted in the void volume
of the column and the lighter nucleic acids and inorganic components
were retained in the included wvolume. ‘ '
The generalﬂarchitecture of pufified }1pop;1ysaccharide appéars to be

’

as follows:
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.
The figure prese’nted is of Salmonella typhimurium LPS, however, most
lipopolysaccharides contain a general structure consisting of lipid A~
core-side chain. DNetailed structural studies regrettably wére, for
the most part, conducted on Salmomella species and Escherichia coli.

In the }atter, the‘lipid A region “includes two 2-amino-2-deoxyglucose
residues as a basal structure to which are attached acetylated long
chain fatty acids and hydroxy acids (Burton and Carter,‘1964_). Although
the fatty acids may differ in various strains the glucos’amine basal
unit appears to be a universal structure. A few exceptions exist, but,
‘the substituted component has not been 1dentifiec; (Wilkinson et al.,
1973). In a later study Gmeir;er et al. (1969) established that in
Salmonella the 1ipid A contained a phosphorylated glucosaminyl-gluco-
samine disaccharide unit linked B (1,6). There was a great deal of
speculation concerning the nature of the structural linkage between
1ipid A and the backbm’fe region. Studies were complicated by the

fact that 2-keto-3-deoxyoctulosonic acid (KDQ) was extremely acid

labile, therefore, it was usually destroyed when attempts were)made
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to isolate! this material. Despite these difficulties, Dr8ge and co-
workers (1970) were able to demonstrate that in Salmonella the bridge
connecting lipid A to the core consisted of a KDO trisaccharide.. .
Heptose was bound to the non-reducing terminal KDOaand the KDO at the
reducing end of the carbohydrate éhgin was ketosidically linked to
the lipid A. The third\ KDO molecule formed a branch off of the.re-
ducing end of the disaccharidé and it was also established that phos-

phorylethanolamine was attached to this KDO branch.

The structure of the core fraction was elucidated through the use
of rough type mutants. Liideritz et al. (1965) discovered thé’t strains
of Salmonella that gave rise to colonies having a rough morphology

contained LPS which lacked 0- specific side chains and they classi-

i
fied these cells as R (rough) forms. It was found that strains which

had a smooth appearance contained side chains and were designated S

(smooth) forms. Intensive immunological studies were performed on a

~

series of Salmonella and E. coli mutant strains and the results

suggested that the core region was usually species-gpecific (Ltderitz

!
and co-workers, 1966). The core regions of LPS from various bacterial

species w;are found to be compogsitionally but not gtructurally diff-
erent. Structural investigations showed that the O-antigenic side
chain of the LPS molecule was usually composed of repeating units of
an oligosaccharide. Stud:le:s on this fraction were performed using

chemical and immunological procedures and the serological specificity

U ‘

of.the O-antigens from strains of E. coli and . typhimurium has been
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thoroughly reviewed by 1Luderitz et al..(1966). The collection of

e

information concerning the structure of the side chains from strains

ey, *

of these two bacterial species led to an elaborate system and list-
ing of chemotypes which was of immense importance in clinical inves-

tigationms.

The information|which led to the formulation of the structure : v

g B

of bacterial lipopolysaccharides was obtained primarily from studies
on:E. coli and Salmonella species. l Lipopolysaccharide research using
otl;er Gram-negative bacteria was devoted primarily to its chex\nical

composition as opposed tf’ its actual structure. The initial ilwest:i—

SR S S xS S

DA

gations on the composition of Pseudomonas lipopolysaccharides was

confined to P. aeruginosa (Clarke et al., 1967; Fensom and Gray, 1969; .

and Chester et al., 1972). These studies established that the chemi- N
;:al composition of Pseudomonas LPS was basically the same as that
found in enteric bacteria. In addition.‘Humphreys et al. (1972) dem—

-

onstrated that the 1ipid A in P. aeruginosa’was not unusual in com-
I

position and Chester and Meadow (1973) showed that the serological
) ’ B
specificity of the LPS from\ this organism was based on the composition

of the O-antigenic side chains. Wilkinson and co-workers (1973) pub-

lished a comparison of the LPS compositions of a number of Pseudomonas

’
species. The results showed that there was a marked absence of 2-deoxy
\ _sugars, as compared to enteric lipopolysaccharides, and there was also
/
a greater abundance of 2-amino-2,6-dideoxy sugars. However, the over-

_all composition was demonstrated to be similar to other bacterial

O \ ’ A
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. lipopolysaccharides.’ .
i’raétically no information was availabie concerning the structure
i zznd composition of LPS from marine bacter:lla. In Vibriq marinus only
& .
Jtipid A, KD, hgptose %nd glucose were reported with no quantitation
3’ . of these components (Deneke and Colwell, 1973). They did establish,
however, that this LPS was of thé R form. Mongillo et al. (1974)
showed that the LPS from a marine bacterium containedy 1lipid A, glucose
and galactose but lacked KDO and heptose. It seems odd that they were
able to 1isoclate 1ipid A by .a mild acid hydrolysis with no acid labile
ketosidic linkage present. The data suggested that the LPS was an
R type but the lack of the specific bafkbone sugars makes an interpre~-
t’a‘::ion difficult. O0'Leary and co-workers (1972) performed detailed

chemical analysis on a marine pseudomonad LPS an results were

similar to those obtained for other Pseudomonge lipopolysacztharides.

it Spaieln

5

Heterogeneity ) | " ;;
It has bebn known ever since the phenol-wafer extraction pfoce- :
dure was first developed that LPS:preparations, isolated by this method f’
and purified by the removal of nucleic acids, were amorphous aggregates :E

A

of extremely large size (Westphal and co-workers, 1952 and Davies et
al., 1954). Numerous studies were subsequently initiated in an

attempt to analyze and define thése LPS aggregates. As will bé evident,‘
through a review of the literature, the question of LPS aggregation,

or heterogenei’f:y“,xwas not easy to accurately answer. It had to be
| '
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established whether heterogeneity represented physical, chemic\al or
biological differences, orlﬁ combination of these, within extracted

LPS preparations.

It was proposed, in early studies, that a certain aggregate size, .
as determined by analytical ultracent}'ifugation, may be necessary
for LPS pyrogenicity or tumor-damaging ability (Ribi et al., 1960 and
Mora and Young, 1961). These studies concluded that LPS from Salmon-
ella enteritidis and Serratia marecescensg, respectively, exhibited
considerable heterogeneity. Oroszlan and Mora (1963) used the tech-
niques of cesium chloride density gradient centrifugation and analyti-
cal ultracentrifugation to examine the LPS from S. marcescens. Two
fractions were obtained from the cesium cploride gradient. The fra;—
tion which had the lower density produced tumor necrosis in mice while
the higher density fraction did not. When the biologically .active
low density fraction was analyzed in sedimentation velocity éxperiments
the schlieren pattern showed a large amount of fast sedimenting mater-
ial ([15.88) and a relatively small amount of slowly sedimenting mater-
ial (3.98). However, when the experiment was repeated using the same
fraction treated with sodium dodecyl sulfate (SDS) a single peak which
had a sedimentation coefficient of 2.8s was obtained. The SDS-treated
low density fraction did not produce tumor necrosis. If the SDS was
removed the material reaggregated to form 3.58 and 18.8s peaks and '
tegained, tumor-necrosing ability. These workers conlcluded that S. mar-

cescens LPS was dissociated by SDS to a "subunit" which was represented
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by the 2.8s material. This "subunit" was responsible for tumor-nec-

hd ’

rosing ability but only in a'n\ aggregated state. The'aggregated state
consigsted of the 15-183 material. The fact that SDS dissociated the
LPS suggested that the aggregate was held together by hydrophobic bonds.
The results can be int;fbreted in two different ways. According to
i:he ‘bioassay, tumor-necrosing ability, the LPS would have to be
classified as heterogeneous since the low density fraction exhihited
tumor necrosis but the high den\éity fraction did not. However, based
on the sedimentation velocity experiments performed fh the presence
of SDS, the LPS apparently consisted of a single "subunit" which

simpl§ aggregated when SDS was removed, to form the fractions having
) various buoyafxt: densities. Depending upon which criterion was used

3

the LPS could be termed heterogeneous or homogeneous.

The‘investigation by Ordszlan and Mora (1963) was extremely sig- 4
nificant bécause it set the trend or direction that subsequent hetero- |
geneity studies would follow. McIntire ¢t al. (1967) treated an E.
coli LPS with SDS, subjected the LPS to alkaline hydroxylaminolysis, or
succinylated the LPS and, in each case, showed little or no evidence
of heterogeneity in sedimentétion velocity studies as well as in
mwoving boundary electrophoresis and agarose gel perla;eation chromato-
graphy. Furthermore, SDS did not reduce the pyrogenicity of the LPS
as measured in rabbitls. Rudbach and Milner (1968) examined lipopolysac-
charides from E. colti and Salm,orie\ud”eiteritidis\byanial;‘rg:ical ultra-

Sy
centrifugation and found that SDS dissociated the LPS preparations

.t T



from a 78 fraction to 1-28 fractions. However, LPS that was treated
with cont:ent’raticms of SDS ranging from 0.25 -~ 22 did not show any
alteration in pyrogenicity as measured in rabbits. In another study
Shigella flexneri LPS was treated by heating in citrate buffer (Hanne-
cart-Pokorni and colleague;, 1970). Digsociation vlvas determined, as
in previous investigat:;.ons, by analytical ultracentrifugation. A
qfrac':tion whi‘x\:h had a sedimexflltation coefficient of 1138 at 85 C under-

|
went a series of thermal transitions as the temperature was increased

to 100 C. A'Limilar dissociation occurred when thé LPS was treated .

° !

‘with sodium déoxycholate (NaD). It was shown that the smallest frac-
tion that was obtained in the sedimentation velocity experiments

still retained toxicity afdd the ability to act as a phage receptor.
This thern[:al treatment may cause hydrolysis of some labile bonds within
the LPé aggregate and must therefore be interpreted with caution. Olins
‘and Warner (1967), in a detailed physical study, showed that 1LPS, iso-
lated from Azotobacter vinelandii, was dissociated to a fraction of
134,000 daltons with ethylenedfaminetetraacetate (EDT;&). After dialysis
the LPS reaggregated having a molecular weight of 873,000 daltons.

When the LPS was treated with a mixture of EDTA and SDS a dissociated
fraction with a molecular weight of 65,600 daltons was obtained. Thus‘,(
the original findings of Oroszlén and Mora (1963) were not extended

by these subsequent studlies. Most of these investigations did, how-

ever, confirm that LPS preparations could be dissociated to a single

""subunit". There was no indication that this "subunit” could be

By
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ciated LPS loses its biological activityx.

The observation that an LPS preparati could be dissociated and
then reaggregated (Oroszlan and Mora, 1963) (was also reported By
several other workers. Ribi et al. (1966) ex&\’acted LPS from E. coli,
Bordetella pertussig and S. enteritidis and found that these prepar-
ations were dissociated by NaD to approximately 2 x 10% y@ﬁé—
tions. If the NaD was removed by dialysis the LPS\preparations \
reaggregated to approximately 5 - 10 x 10° dalt:onsi.\ The dissoclatio
and reaggregation of the LPS was confirmed by eleptr;? microscopy
using negatix;ely stained samples. Similar results were obtained with
lipopolysaccharides which were isolated from several sp\ecies of Sal-
monella (Hannecart-—Pokorni et al., 1973). These workér also used
the methods of analytical ultracentrifugation and electron microscopy

™~ &

to observe the dissociation and reaggregation of the 1ip olysaccharides.

The avai»lal;le information obtained from the previous studies stizll
did not len‘d itself to a clear definition of LPS heterogeneity. In
fact, it was difficult to discern whether LPS samples were heterogén-
eous. It ‘appeared that LPS preparations were merely aggregates of a
single _species which was found when LPS was dissociated and then gsub-

jected to analytical ultracentrifugation: Physical studies alone

could not be relied upon to answer the question of LPS heterogeneity;

{ |
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chemical snalysis of the!isolated speéies was also necessary. Lelve
et al. (1968) found that 30 - 50% of the LPS in E. coli could be ex-
tracted from the cells by treating them with EDTA. The rest was
remove;l by the phen‘ol—water extraction procedure. The compositions '
of these two LPS fractions were extremely similar, containing equiva-
lent molar ratios of KDO, heptose, glucose, galéctose and colitose.
The EDTA-extractable LPS was separated into two additiona;l fractions

by ultracentrifugation and analysis of the latter fractions indicated

that there was a slight difference in the relative molar ratios of

\

their carbohydrate components. The LPS fractions released by the twow.

different extraction procedures probably indicate the existence of a

free form and a bound form of LPS. The analytical ultracentrifdga—

tion analysis suggested that the total LPS (both EDTA and phenol-water

13

\ extraptea) may be heterogeneous, however, this analysis was not per-
formed on phenol-water extracted LPS alone\. This was the first sgtudy
in which the separated LPS frac;:ions were analyzed chemically.
Mcg:ntire and co-woriters (1969) chromatographed E. coli LPS in 1Z NaD
on a colunmn of Sephadex G~100. Three major peaks were obtain'ed and
gel filtration.studies indicated that they had different molgcular
weighgs. However, equilibrium sedimentation data indicated that they
. were approximately the same size, 113,000 - 118,000 daltons. Chemical
analyses were performed on the materials from the t};ree peaks and

the analytical data showed that there were distinct quantitative but’

not qualitative differences among the neutral sugars, phosphorous,

14
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A )
lauriec acid and B-hydroxymyristic acid.. Koeltzow and Conrad (1971)
also showed that LPS was heterogeneous, however, their work was /
interasting since they employed Triton X-100 as the aissociating
agent. Many of the LPS heterogeneity studies utilized ionic com-

pounds such as SDS and NaD. A crude LPS preparation from Aderobacter

'akrogenes was treated with 1% Triton X-100 and fractionated on a

DEAE-cellulose column with the detergent present in the eluting

\
buffer. Three LPS fractiﬁns were obtained, one of which contained
;ery little total carbohydrate. Detailed chemical analyses were
performed on thé remaining two major LPS fréctionq demonstrating that
they both contained lipid A portions, KDO and heptose It appeared
that one LPS fraction represented a rough type LPS (containing lipid
A and core only) and the other may be a smoéth form (1lipid A-core-
side chain). It was hypothesized that the r;ugh type LPS fraction
represented a biosynthetic }ntermediate. This report was one of the
first to attempt to define the components of an LPS aggregate in light
of thelr structural relationship to the whole LPS. It would seem
thaf a comparison of the carbohydrate and lipid & contents of the LPS
fractions would be the only meaningful way to describe LPS hetefz—
geneity. Since dissociated LPS preparationsjbere Separated into more
than one species by gel permeation and ;pn exchange chromatography the

resolution that was obtained in earlier studies, using the method of

analytical ultracentrifugation, seemed to be inadequate.

! /



\

\ In other LPS heterogeneity studies the technique of polyacryl-

amide gel élgctrophoresis was employed. Reports in the literature
indicated that LPS could be electrophorésed on polyacrylamide gels
(Rothfield and Pearlman-Kothercz, 1969 and Osborn et al., 1972b).
These experiments 3id not use extracted LPS but Gram:tfgative cell
wall complexes and the results were not elaborated on for the purposel
of demonstrating LPS heterogeneity. DiRienzo et al. (1974) used SDS
treatment in c&mbination with the technigue of polyacrylamide gel
e;ectrophoresis to show that lipopolysaccharides from several bact-
eria were heterogeneous, thus confirming the results ébtained in the
previously mentioneh studies. This investigation established that
heterogeneity was not the result oﬁ extraction or preparative proce-''
du;es. These results were later supported by Jann et a;. (1975) who
also implied that the LPS fgactionation that was obtained on SDS-poly-
acrylamide gels was the same as that observed on Sephadex columns.
Later, DiRienzo and MaclLeod (1976),using LPS isolated from a marine
pseudomonad, determined the carbohydrate compositions of the LPS frac~
tions that were isolated from the SDS-polvacrylamide gels. The carbo-
hydrate compgsitions suggested that the LPS frqm this bacteriUm(st

an aggregate containing three compositionally distinct species.

In a separate study, LPS from a rough strain of E. col? was hydro-
lyzed, then dephosphorylated and subjected to paper chromatography
(Fuller and co-workers, 1973). The oligosaccharide mixture was resolved

into three components which were exhaustively purified and structurally

16
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analyzed. Two of the oligosaccharides that were isolated- were shown
t(; be involved in the process of core elongation in LPS hiosynt;hesis,
however, no role could be assigned to the remaining oligosaccharides.
The results have to be carc;_fully evaluated sin.ce hydroiytic ptocédures
wer’e involved ih the isolation of the LPS components. Emphasis was
now being placed on compositional and structural variation within

. o

LPS preparations, as isolated from whole cells. As more refined tech-

niques were applied to separate LPS species a clearerpicture of the
heteroéeneity of lipopolysaccharides was obtained. , \
\ A

. .
Most of the studies on LPS heterogeneity have been conducted on
LPS extracted from enteric bacteria. Lipopolysaccharide from Pseudo-

monas aeruginosa was also found to be heterogeneous. A p)rotein-LPS

/
eomplex from this bacterium was chromatographed on Sepharose 4B (Rubio

et al., 1973). The complex was tregted with NaD and chromatographed

with and without Nal in the elution buffer. If NaD was not included

inothe buffer three peaks were obtgﬁp.{ed and -when it was present only

0
one peak, corresponding to that of the lowest molecular weighé, was

]

observed. The chromatographic results were confirmed by electro-

]
immunodi £ fusion experimenté and equilibrium sedimentation analysis. |,
Day (1973) examined the behaviour of P. aeruginosa LPS during iscelec-
tric focusing in a 5% ampholine ampholite carrier (pH range 3 t:d“ 10).
The LPS, dissolved in 6 M urea, spreéd over the entire range of the
ampholite with the majority of the LPS dispersed from pH 7.0 to 10.

A
2
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Many of the LPS preparations that were examined demonstrated
heterogeneity which tends to invalidate any attempt to determine the
molecular size of LPS which is extracted from whole cells. Davies

et al. (1954) determined éhat whole cell aggregates were from 1-to

24 x 105 daltons. Lideritz and co-workers (1966) reviewed some of

" the addifional molecular size data for bacterial lipopolysaccharides (

and some of the methods that were used for LP§ disaggregation in
order to obtain more accurate analyses., for instance, alkali treat-
ment causes disaggregation within a range of 2 x 10° daltons with a
concurrent removal of fatty acids. Alkali éleaves long chain fatty
acid esters wh%ch could be responsible for LPS aggregation through
Van der Waals ;ttraction. Sodium dodecyl sulfate, on\the other hand,
disrupts hydrophobic bonding within the lipid A portion of tge LPS
and hydrégen bonding within the polysaccharide chain. The molecular
size of an LPS isolated from a rough strain of Salmomella was ca%;L-
lated as 10,300 daltons by sedimentation equilibrium analysis (Romeo
et al., 1970). The LPS wa; acetylated in order to make it soluble in
benzene which was used as the solvent during meaéurements. It was,
established that the acetylation procequFid not cleave covalent bonds.
Biosynthesis /

Tpé most c;mplete LPS biosynthetic scheme was elucidatedlusing

/ . A

the genus SaZmongZZa.“ The isolation of mutants which were blocked in

the synthesis -of speéific nucleotide sugars facilitated the study of
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§‘\\ ’ LPS biosynthesis when it was discovered that these cells were also
i

%, /

%ﬁ LPS-deficient (Fukasawa and Nikaido, 1961 and Nikaido, 1962). When
Y ‘
b

kec™

an exogenous supply of- the specific sugar was available a complete

i
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LPS was then synthesized by the cells. Osborn and: co-workers (1962), -

352

s :4
using just such a mutant, demonstrated that galactose was added to b

.

the core through the action of a transferase enzyme. The enzyme acti- i

N

vity was localized in the cell wall particulate fraction following ¢
gonication of the whole cells. The reaction was stimulated -by the ‘
presence of MgZ+ or M?t. In a series of invistigations it was then §
shown that the remainihg core sugars were added to the deficient LPS :
in a sequential manner by the action of a series of glycosyl trans- %
fesgse,enzymes (Rothfield et al., 1964 and Osborn and D'Ari, 1964). %
As each mhnosaccharidé was added the newly elongated core acted as an

acceptor for the next sugar therefore assuring that the sugars were é

fy

added in a specified order.

The cell envelope preparations were active acceptors for the
transferase enzymes, however, purified LPS was not. If cell membrane
lipids were added back to the purified LPS preparation the acceptor
activity was restored (Rothfigid and Horecker, 1964). It was dis-

covered that the lipid affecééd the strcture of the LPS and not the
\) enzyme in the incubation mnixture. The action’of membrane lipid on
Fhe LPS biosy;thetic mechanism has been thoroughly summarized by '5;

hl N Ve

Rothfield and Romeo (1971). The major Cell envelope phospholipid,

- ‘r‘
:
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phosphatidylethanolamine (PE),was the active compound in the 1lipid
fraction which was involved in the transferase system. The transfer-
ase enzymes bind to the LPS-PE complex which could be formed artifi-
cially by the heating and slow cooling of a mixture of LPS and PE
(gothfield and Péarlman, 1966). Mbﬁxléyer experiments indicated that

the phospholipid organized itself inZo a binary film which was easily
penetrated by the LPS. This molecular éfrangement was an active - I
acceptor, without prior heating of the complex, when enzyme and sub-

strate were added. These findings suggested that the binary LPS-PE
complexes could represent a mixed bilayer in the cell envelope

(Rothfield and Horne, 1967). The components of the system had to be

added in a specific sequence in order to induce the transferase

enzyme activity; that is, the LPS—phospholipid complex had to be
1

formed prior to the addition of the enzyme. If enzyme was added to

/
the film before LPS it appeared to Hlock the incorporation of the LPS

(Weiser and Rothfield, 1968).

f

The O-antigenic side chain of the LPS molecule was biosynthesi;ed | .
separately from the core by a completely different mechanism than
that pertaining to core synthesis. As in the study of core biosyn-
thesis, the literature pertaining to the synthesis of the side chain
has been extensively reviewed by a number of workers (Osborn, 1969
and Rothfiéld and Romeo, 1971). A lipid was implicated as the carrier

molecule (glycosyl carrier lipid; GCL) in the biosynthetic reactions




of the O-antigen (Wright et al.,1965 and Weinerland co-workers,1965).
The single tetrasaccharide side chain unit was synthesized by the se-
quenfial transfer of nucleotide sugars to the phoéphotylated GCL by a
series of synthetase enzymes. First, uridine diphosphate-galactose

was transferred to the carrier lipid with the release of uridine mono-
phosphate. Consecutively, thymidine diphosphate~rhammose, guanosine
diphosphaté-manggse and cytidine diphosphate-abequose (3,6-deoxy-D-gal- .

actose) were added to form a mannose-rhammose-galactose-P-P-GCL unit.

abequose
The designation P-P-GCL represents thé pyrophosphoryl derivative of
the GCL. These units w;ie polymerized by an (O-antigen polymerase to
form a complete side chain repeating unit with ;he subsequent release

of P-P-GCL from each individual tetrasaccharide unit (Bray and Robbins,

1967). The O-antigen was éhen at%géﬁed to the core oﬁigosaccharide

Nt

“through the action of a LPS ligase (Osborn, 1969). Nikaido (1969)

demonstrated that the site of attachment of the O-antigen to the core

was the glycosyl residue rather than the terminal N-acetylglucosamine.

o

e
3

- ‘g;;‘ - ,“‘-"‘.”' £

Little is known about the biosynthesis of the lipid A portion of {
the LPS molecule since a lipid A-deficient mutant has not yet been ~§§
. i

isolated. Recently a mutant strain of Salmonella was 1solated which
contains a defective lipid A which is under-acetylated and under-phas-

phorylated (Osborn, unpublished gbservations). Perhaps, the further
J
|
study of this mutant will provide some insight into the biosynthesis

of lipid A.

\




Biosynthetic information pertaining to the backbone region of
the LPS is also incomplete, however, some data is available. Edstrom
aqd Heath (1964) showed that cytidine monophosphate~KDO was the
acceptor for the outer core sugars in E. coli. Rick and Osborn
(1973) isolated a mutant of S. typhimuriwn which was defective in
the‘synthesis of KDO. The mutant had an altered KDO-8-phosphate
synthetase which, under normal cynditions sﬁOuld convert D—-arabinose-
S—phosphate to KDO-8-phosphate. Analysis of the 1ipid A in this
mutant showed a significant reductign in the degree of acetylation.

Apparently the attachment of KDO to the deficient lipid A is necessary

for the completé synthesis of 1lipid A.

During the study of heptose biosynthesia and the ro}h\}t plays'
in core completion it was discovered that in several Salmonella
minnesota R mutants, core elongation was prevented at the position
where galactose should be.added to the glucofe residueg2ven though
the galactose transferase enzyme was present. It was found that the
heptose residués were not phprphorylated and when phosphate was en~
zymatically added core elongation continued (Mihlradt et al.,- 1968).
Further investigatioﬁs demonstrated that an ATP-dependent LPS phos-
rhorylating enzyme was present and therefore the addition of phosphate
to heptose had to occur before the complete core could be synthesized
(Muhlradt, 1969). The heptose biosynthetic pathway was determined in

S. typhimuriwm, however, the method by which it was linked to lipid

1
|
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A-(KDO) 3~ still remains unknown (Eidels and Osborn, 1974).

3

The localization of the LPS biosynthetic enzymes and the site of
th; biosynthesis of core and O-antigen have been obscure for gome
time. Some processes appeared to take place in the cell wall while
other conditions favoured the cytoplasmic membrane. Procedures were
perfected to effect the separation of the outer mgmbrane from the )
cytoplasmic membrane (Osborn et al., 1972). This procedure was used
in conjunction with pulse~chase labeling experiments to localize the
site of LPS blosynthesis gnd then to follow the translocation of LPS
to fts structural position in the cell envelape }Osborn et al., 19724).

By using a mutant strain of S. typhimuriwn in which the 0-antigen could

be specifically labeled with radiolabeled mannose it was shown that

the side chain oligosaccharide was raéidly synthesized at the level
of the cytoplasmic membrane and then, by an unknown mechanism, moved <
out into the cell wall. Attempts were also made to localize the 0O-
s

antigen biosynthatic enzymes. Galactose-P-P-GCL syngyetase, the first
enzyme in the O-antigen biosynthetic pathway, O-antigen polymerase

and O-antigen ligase were located only ;n‘égg cytoplasmic membrane
preparation. A second mutant was used|in pulse-chase experiments to
examine the biosjmthesis of the core region. Again, as in the case

of the side chain, the core was rapidly synthesized in the eytoplasmic

membrane then, within two minutes, it traveled out into the cell wall,

Two core blosynthetic enzymes, glucosyl transferase I an& galactosyl




NEREER s e e e (ke or . e vw e L a

~transferase I were difficult to localize. Since they were partially

® -
v

solubilized during the séparation of the membrane and cell wall the

Rl
¥

IR

5 activities of these enzymes were found in both of these cell envelope
% fractions. AAdditional labeling studies suggested that the core and

v,

2‘ core side chain were assembled at the cytoplasmic membrane and conse-
gt quently were translocated as a complete unit. The fact that the 0-

%’ antigen ligase was found to be firmly membrane bound supports the

g‘ ginding that core and side chain were assembled at the membrane level.

|
1 Whether the complefed LPS molecules were translocated in association
/
with protein and phogpholipid has not been established.

Translocation of lipopolysaccharide to the outer membrane

The actual mechanism of LPS translocation to its position in the
outer cell envelope has not been elucidated. The current theory is

1
that the LPS travels along specific attachment sites between the cyto-

o R, AT,
Ly PSR ~37’;'>’_'

plasmic and outer membranes. These contact sites were first identified

e fay t e

" in E. coli when plasmolyzed cells were fixed in the presence of sucrose
and examined, in fhin section, by electron microscopy (Baye;, 1968b). |
' Cross sections of the contact sites showed them to b; composed of the
triple-layered membrane having a thickness of approximately 903, a
d*mension which was consistent with the thickness of the c¢ytoplasmic -
membrane. The contact sites contained a central core with a diameter

of 40A. Fvidence in support of the proposal that these areas of

attachment could allow the transport of molecules stems from the

)
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observations that bacteriophages T; to Ty adsorbed almost exclusively

to the areas of the bacterial ﬁall which showed a connection with the

cytoplasmic membrane (Bayer, 1968a).

Miihlradt and co-workers (1973) combined th; use of ferritin-
labeling techniques with a mutant of §, typhimurium that could be
specifically labeled in the LPS, to supply strong support for the
concept that LPS translocation occurred only’at these previously
shown adhesion areas. The mutant cells that were used in the experi-
ments éynthésized only wild type LPS when exogenous galactose was

s
added to the defined growth medium. By pulsing the cells with galac- g
tose for a short period of time and then examining the binding sites
of ferritin -labeled antibodies, made against wild type LPS, it was
found that the ferritinm attached only to the cell surface areas that
corresponded to thé bridges formed between the two membranes upon
plasmolysis. Because the antibody would not attach to the deficient
LPS, it was established that these antibody binding sites represented
translocation sites containing only newly formed LPS. It was deter-
mined that 86% of the ferritin patches on the cell surface were found
over adhesion sites.” It was proposed that the newly synthesized LPS
was then dispersed over the bacterial surface by the process of lat-
eral diffusion. If the experimental cells were incubated at 0° C the

- s
"new" LPS remained in clusters at the translocation sites, however,

when the experiment was performed at 37 C the LPS spread, from these
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8ltes, over the cell surface (Mihlradt et al., 1974). This diffusion
was also obser;ed under conditfons in which LPS blosynthesis was pre-
vented and when cellular metabolism was blocked by 'azide poisoning.
They proposed that the phospholipids of the outer membrane served as
a medium for the lateral diffusidﬁ of tﬁe LPS. At 0° C the fatty
acids of the phospholipids and the 1ipid A would be too rigid to allow
“ for LPS mobility. In another study, which used a different approach,
Kulpa -and Leive (1976) made use of the density difge;;nce between de-
ficient apd complete LPS, produced in a mutant of E. coli, to show how
LPS was translocated from the cytoplasmic membrane to the outer cell
envelope., This mutant of E. coli syqthesized a deficlent form of LPS

\,

which lacked an O-antigen&c side chain, When exogenous galactose was
/

added to a culture of this mutant the galactose was specifically incor-

porated into the LPS. Only then could the LPS be completed by the

addition of the side chain. This mutant was similar to the 5. typhi-

muriwn mutant described by Nikaido (1962). An LPS molecule that con-

tained a repeating side chain would be considerably more dense than

one that did not: These‘two forms of LPS could then be separated on .
sucrose densitngradients due to this difference in‘densities. The

density of the outer membrane was examined when Eells were grown with- ~
out galactose. The culture was then pylsed wifh galactose‘and areas

of the oute% membrane rapidly became more dense. Removal of the \

exogenous galactose resulted in the disappearance of the dense outer
\
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membrane. According to their interpretation of the results, the LPS
m@st enter the outer membrané at specific regions in a non-random
fashion. If the LPS entered the outer membrane in a random manner
the sucrose. density gradient profile would show a single peak, at
aﬁ;\one time, that shifted gradually from a lower to a higher density.
If the LPS entered the membrane at discrete regions then the high
density peak would appear very rapidly in the gradient profile and
both the high ;nd low density peaks would be observed at the sam; |
time. The 1at§er situation appeared to explain the results that were

observed . However, the results are far from being conclusive and it

would seem that a great deal of work is necessary before the mode of

LPS translocation can be confirmed. -

Localization‘an& organization of lipopolysaccharide in the cell ‘ %
envelope %
Until methods were developed for effectively removing the cell ' 32
wall from Gram-gegaqive cells and separating it from cytoplasmic mem- )
brane LPS\was localized with the use of the electron microscope. ;
Veillonella ce}ls exhibited an outer double-track structure in thin |é
section preparations. Following extraction of the cells with phenol- %
water the outer membrane was visually absent and the cells mainélined ?’

P \
their shape (Bladen and Mergenhagen, 1964). More detailed 4nvestiga-
tions using ferritin-labeled antibody demonskrated the presence of

LPS on the inside of the outer membrane as well as on the cell surface

i
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(Shands, 1966). A whole cell antiserum was used by Nelson and MacLeod
(submitted for publication) to detsct the presence of LPS in the isolated
cell wall layers of a marine pseudomonad. They were able to localize
the LPS in the periplasmic region, the outer double-track and in a
1oosély bound outer layer. Densit7 gradient experiments suggested that
the LPS may be asgociatgd with protein and phospholipid. The above
mentioned studies support the organizational concept of the Gr&m—nega—
& tive cell wall as illustrated by Costerton and co-workers (1974) in
E which LPS is found on the inside of the outer membrane extending into
; the périplasmi;jspace. A more detailed view of the concept, in which

the hydrophobic portion of the LPS molecule (lipid A) penetrates inside

TP IO o
L

the outer membrane bilayer structure and the polysaccharide portion &
extends in a perpendicular arrangement from the bilayer, was experi-

mentally supported by monolayer studies with purified LPS and phospho-~

~

1ipid (Romeo et al., 1970).

The moleéula¥ organi;ation of the Gram-negative cell envelope re-
;ains to be established. It has been proposed that LPS exists in vivo .
as a complex with protein and phospholipid (Knox et al., 1966 and Knox
and co-workers, 1967). Extracellular complexes were believed to be
excreted cell wall fragments. Rothfield and Eeaglman-Kothéncz (1969)
analyzed a protein-LPS-phospholipid complex which Qas excreted into

the growth medium by cells of S. typhimurium; They established that

the protein that was excreted as part of the complex was only "old"
|
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] isolation of an LPS-protein complex from E. coli by extraction of whole
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protein since a phoapholipid—ﬁfs complex continued to be excreted when
protéin s&nthesis was prevented with chloramphenicol or by amino acid
starvation. Consequently, it was concluded that LPS and phospholipid
were inserted into the cell envelope independently of wall protein.
These results tended to rule out the possibility that the cell wall

i3 assembled from protein-lipid-LPS subunits. Other investigatioms
have demonpstrated the existence of covalent protein-LPS complexes

which couid be extracted from whole cells. Just such a complex was
released from P. aeruginosa cell walls by treatment with EDTA and‘it
exhipited a sinpgle peak upon analytical ultracenttifugal analysis and
gel filtration (Rogers and co-workers, 1969). Poljacrylamide gel
electrophoresis of the complex revealed a single band which co-stained
for both protein and caébohydrate. Rubio et al., (1973) further char-
acterized this protein-LPS complex and discovered that it was actually
composed of three protein-LPS components. Rogers (1971) reported the
cells with 0.1 M Tris at 60 C and also presented evidence that the com—~
plex contained three protein-LPS fractions. Wu and Heath (1973) uged
1% SDS to extract a protein-LPS complex from a mutant of E. coli Ollf:Bk.
The protein had an approximate molecular weight of 14,000 daltons and
was enriched in aspartate and glutamgte. It was indicated that several
of these complexes wére observed in the wild type parent organism. A
non~covalent complex composed of polysaccharide, protein, lipid and

LPS was isolated from Neisseria meningitidie by Zollinger and co-workers
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(1972) by treating the cells with EDTA at 60 C. An identical complex
was located in the cell mediumas well . Chemical analysis, electron '
microscopy and SDS-polyacrylamide gel elect;ophoresis of both complexes
indicated that they were similar. Electron microscopic examination

showed that the complex that was isolated from the medium had the same

appearance as the outer trilaminar membrane from this bacterium.

An interesting relationship between LPS and periplasmic enzymes

was proposed by Day and Ingram (1975). Pseudomonas aeruginosa alka-

1line phosphatase formed as artificial nydrophobic complex with LPS

extracted from the organism. The activity of the complex, constructed

« from purified cell wall components, approached the activity of the

crude complex that was found in the culture filtrate from P. aerugin-
osa. The assoclated release of alkgline phosphatase and LPS was

observed in other bacteria as’well (Lindsay et al., 1973). A possi-
ble structural relationship bereen LPS and cell wall associated en-'
zymes in the Gram-negative cell envelope has been proposed (Costerton

and co-workers, 1974). | '

\
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MATERTALS ad METHODS

\

Cultures and media

T

The organisms use‘ta in this study were both vqr:lants 1 and \3 of a
marine pseudomonad (ATC.(; \19855) which was deaignated'Blﬁ (Gow et al.,
1973) and was classified as Alteror}!;nas haioplrmktis by Reichelt and
Baumann (1973). Additional cultures included Escherichia coli 01ll:
B4, Macdonald College Cult;ure Co\llection No. 168; Salmonella typhi}—
murium LT2 (AT?C 19585); and Pseudomonas aeruginosa (ATCC 9027). The
variants of the marine pseudomonad were cultured in a medium contain-

ing 0.8% nutrient broth (Difco), 0.5% yeast extract (Difco), 0.22 M

NaCl, 0.026.M MgCl,.6H,0, 0.01 M KCl and 0.1 mM Fe(SO,),(NH,),.6H,0.

This medium was referred to as nutrient broth-yeast extract complex
medium. In some experiments this complex medium was modified to con-
ta:l.n 0.3 M NaCl and 0.05 M MgCl,. Other experiments employed a medium
mmtaining 17 trypticase (BBL), 0.3 M NaCl, 0.05 M MgCly, 0.01 M KC1
and 0.1 mM Pe(S04)2(NH,)2.6H,0 and was_designated trypticase-salts
medium. A chemically defined medium was used in mutant 'isolation

i
studies and it consisted of 2% succinic acid (neutralized with concen-

trated NH,OH), 0.05 M Tris-HCl, 0.3 M NaCl, 0.05 M MgSO,, 0.01 M KC1,
1.0 mM CaCly, 1.0 mM (NH,),HPO, and 26 uM Fe(SO,);(NH,);.6H,0. In some
cases these media were supplemented with 1% D(+) galactose (Sigma). l
Solid medium was made by adding 1.57 agar to the }iquid medium. All

the other organisms were grown in a medium composed of 0.87 nutrient

%
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broth and q.SZ yegpt/extract. Unless specified, batch ‘cultures
were inoculated from agar slants into 10 ml of the appropriate medium
contained in 50 ml flasks and were incubated on a rotary shaker for

8 h at 25 C for the marine pseudomonad and 30 C for the remaining
bacteria. After the 8 h growth period the, 10 ml cultures were poured |
into 250 ml of medium contained in 2 liter flasks. Cells were har-

~vedgted between mid and late logarithmic phase of growth as determined 4
with a Coleman Junior spectrophotometer at 660 nm. In order to obtain

iébeled LPS from the marine pseudomonad, {!%C]galactose, 0.05 uCi/ml

of medium (63.5 uCi/umole), was added to the 2 liter growtﬁ‘flasks

1mmediate1y before inoculation,

.. , \
The inoculation schedule used for the fermenter grown.culuere of

the marine pseudomonad was as follows. The culture was incculated
from an agar slaét;ﬂnto lg‘mlvof medium contained in a 50 ml flask and‘

’ was inCubatEd on a rotary shakér for 8 h'atuzs C. The contents of - ; {
:this flask were then poured into 300 ml of medium contained iw a 2

Titer flask and were incubated on a rotary. shaker for 5 h at .25 C.

The culture was added to a fermenter (New Brunswick) containing 6

U e

liters of medium and the optical density Wwas ménitored at 600 nm until
. . |
the cells reached mid logarithmic phase of growth (0.60 0.D.). This .-

culture was used to inoculatethe 100 liter fermenter. When the )
3

culture reached 6.62 0\3. units the cells were harvested in a Sharples

centrifuge, frozen infjj}ately in dry ice and lyophilized.
» .
|
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Complete salts solutions
‘The complete salts mixture that was used for washing or resus-
pending whole cells of the marine pseudomonad contained 0.22 M NaCl,
0.026 M MgCl, and 0.01 M RKCl. Mureinoplasts and protoplasts were
resuspended in a complete salts solution containing 0.3 M NaCl, 0.05

M MgCl, and 0.01 M KCl.

;
Extractigﬂ/5f lipopolysaccharides
For the isolation of lipopolysaccharides from variants 1 and 3
v of the marine pseudomoﬁad, the procedure of 0'Leary et al. (1972) was ,
employed with minor modiéications. A final concentration of 0.05 M \ ~
MgCl, was used in the 45% hot phenol and the extraction was performed '
at 65 to 68 C. The water phase was dialyzed against 0.05 M MgCl, for

48 h at 10 C to remove phenol. )The homogenizatibns and fimal centri-

fuéation at 27,000 x g were eliminated. The purified LPS pellet,

after treatment with ribonuclease (RNase) and deoxyribonuclease (DNase) ' :

N
was dfalyzed against di;tilled water to remove salts and then lyophi-

o

1lized. E. coli 0111:B4, S. typhimuriwn LT2.and P, aeruginosa lipo-

t u
polysaccharides were extracted according to the hot 452 aqueous phenol
method of Westphal and Jann (1965). The crude lipopolysaccharides were
purified by treatment with RNase (50 ug/ml) and DNase (50 pg/ml) and

repeated high speed centrifugations at 143,000 x g (Spinco 60 Ti rotor). °

- N . \ \ -
Isolation oﬁklipid A and degraded polysaccharide *

) Lipid A and the degraded polysaccharide portioﬁs of the LPS mole-

i

/

¥
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cule were separated by hydrolyzing the LPS in either 0.1 ﬁ HC1 (Burton
and ‘Carter, 19§4) or 1% acetic acid (Gneiner et aZ.,\1969) in a boii—
ing water bath for 90 min (2-3 mg LPS/ml of acid). After hydrolysis
the precipitated lipid A was removed by centrifugation apd washed

three to five times with glass distilled water (Internationai Clinical
Centrifuge, model CL). - The lipid A pellet and the supernatant fluid
combined witﬁ the Qater wasbes, which containeg,ﬁhebdegraded polysacch-
-  “aride, were concentrated by lyophili?ation.‘b - »

\

. Isolation of core and core-side chain fractions .
\

The procedure of Schmidt and co-workers (1969) was employed to
separate LPS cofe from core—side chain oligosaccharide. Degraded poly-
saccharide (11 mg), isplated from the 1% acetic acid hydrolysis of LPS,
was dissolved in 1 ml pyridinium acetate buffer at pH 5.4 (10 ml pyri-
dine : 4 ml glacial acetic acid : 986 ml distilled water). The sample
wvas applied to Sephadex G~50 which was packed in a 2.5 x 36 cm column
which had been equilibratgd with the same buffer. Two ml fractions‘

were collected with an LKB Ultrorac fraction collector and were moni-

I ‘
4 tored for total neutral carbohydrate by the assay of Dubois et al, (1956).
The column flow rate was maintained at 9 to 12 ml/h. Blue dextran (0.2%)
| vas used to determine the vdid volume. Those fractions that corres-
’ponded/to each carbohydrate peaﬁ were pooled and lyophilized. \\
Preparation of mureinoplasts and protoplasts
. + Mureinoplasts and proFoflasts were prepared according to the !

p—
a0 SRR < Rt
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methods of DeVoe and co-workers (1970). Cells were harvested and

v washed once in a volgme of complete salts equal to the volume of the
growth medium (full volume). The cells were then washed three times
in full volumes of 0.5 M NaCl, resdspénded in one full volume of 0.5
M sucrose and incubated at 25 C for 30 min. The cells were collected
and resuspénded in a ;econd full volume of 0.5 M sucrose and were re- ]
covered immediately by centrifugation. The resulting cell forms con-
\ tained peptidoglycan as the only wall componeht and maintained their
\:od shape. Protoplasts were prepared by shspending mureinoplasts in
o - a solution of lvsozyme (150 pg/ml), complete salts and 1 mM Tris

buffer (pﬂ 7.5). 1In subsequent experiments mureinoplasts and proto-

plasts were maintained in a stable state b§ guspension in complete

1

S o

salts or complex medium.

;“:

Isolation of the outer cell wall layers and cytoplasmic membrane

gk ARy

J; The cell wall layers from the marine pseudomonad were isolated
according to the method of Forsberg et al. (1970a) with several modi- v
fications as proposed by Nelson and MacLeod (Eubmitsed for publica- iﬁ

o tion). The cells were harvested from th?,growth yedium and washed

-

three times in volumes of comg}g;e/sa1t§”é§;£l to 1/3 of the volume
N of thexgrowth gggigmf/”Tﬁérééils were then washed with three success-
ive volumes of 0.5 M NaCl, each equal to 1/6 of the volume of the
growthxﬁédium. These NaCl washes were pooled and centrifuged at
143,000 x g'(%pinco 60 Ti rotor) for 2 h to sedimgnt the loosely bound

’

|
* outer layer. The cells were suspended in 1/6 volume of 0,5 M sucrose
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( B ) ( v
and were incubated at 25 C for 30 min followed by resuspension in

- another 1/6 volume of 0.5 M sucrose and immediately centrifuged..

The pooled sucrose washes were centrifuged at 73,000 x\k (Spinco

- AT T R

type 30 rotor) to sediment the outer double-track. The periplasmic
ulayer was concentrated from the sucrose supernatant fluids. All of

the cell wall layers were exhaustively dialyzed against distilled

oW ERTRIREIREE T R e

water at 10 C and 1yoﬁﬁilized.

¢ St e At L

Cytoplasmic membrane was isolated and purified\?qgording to the
procedure of Sprott and MacLeod (1972). Protoplasts were formed and
were disrupted in a greuchlpressure cell, The preparation was
A treated with DNase (50 pg/ml), RNase (50 ug/ml) and lysozyﬁe (150
pg/ml) which was followed byjce;trifugation at 4,000 x g for 15 min,
The supernatant fluld was then centrifuged at 75,000 x g for 35 min

- to sediment the membrﬁnes. The membranes were dialyzed against dis-

tilled water at 10 C to remove salts and were concentrated by lyophi-

lyzation. / i
Isolation of medium material from whole cells, mureinoplasts and >
N
protoplasts

The cell medium material was collected by first centrifuging the
¢ medium at 35,000 x g (Spinco SS-34 rotor) for 20 min to remove any
whole cells. The medium was then centrifuged at 143,000 x g (Spinco

60 Ti rotor) for 2 h to sediment the medium material. The pellet /was

washed twice in complete salts and then lyophilized. This procedure
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Jas modified from that used by Nelson and Macleod (submitted for/
h AN
publication). 1In order to isolate medium material from mureinoplast

‘

and protoplast preparations the same procedure was employed.

"

Polyacrylanide gel electrophoresis

The lipopolysaccharides and cell wall iayerg were electrophor-
esed in a buffer containing 0.05 M NayHPO,, 0.05 M NajMoO, and 1%
sodium dodecyl sulfate (Sﬁs). In various experiments modifications
of this buffer were examined. All of the electrophoresis\buffers

were adjusted to pH 7.0 with hydrochloric acid. The samples were

electrophoresed at 5 mA/gel for 3 to 5 h or 10 mA/gel for 3 h with

' the lower electrode as the anode. Preparative gels were electrophor-

esed for 7 h at 10 mA/gel. Electrophoresis was performed in either
a Model 6 Canalco or a Biorad Model 150 disc electrophoresis appara-
tus. A Shandon constant voltage/constant current or a Buchler power

unit was used.

[

In preparation for electrophoresis; the samples were golubilized
in a solution adaptedlkrom Inouye and Guthrie {1969) containing 20%.
glycerol (*/v), 27 sps (/%) and the inorganic components at their
concentrations in the partiﬁular electrophaoresis buffer used. When
Triton X-100 was substituted for SDS in the electrophoresis ﬁﬂffer,
0.2% Triton replaced the 2% SDS in the solubilizing solution. The
gamplés were solubilized by heating in a boiling water bath for 5 to

10 min at a concentration of 1 to 2 mg of sample per 0.25 ml of

37
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’
solybilizing solution to which was added 0.25 ml of glass distilled
water. In some samples a drop of bromphenol blue solution (4 mg/ml)
A
r . >

was added as tracking dye. ¢

The gels were prepared using a slight modification of the method

X ' —
of Maizel (1966) and contained Szlrecrystallized acrylamide, 0.13%

recrystallized N,N'-methylenebisacrylamide as gqross linker, 0.05Z
N,N,ﬁ',N'—tetramethylethylenediamine[1,2-bis(dimethyl amino) ]ethane,

0.075Z ammonium persdlfate, 1% SDS and the inorganic components at

their‘concentrations in the electrophoresis buffer used. When SDS
\
© was replﬁced by Triton X-100 in the gel electrophoresis buffer 0.17
Triton was used instead of 1% SDS. The gels were 7lor 9 cm in length

fnd were cast in 5 or 6 mm I.D. acid-washed glass tubes. Preparative \

gels were 12 cm in length and 6 mm I.D. The gels were overlayed with

electrophoresis huffer and polymerized for 30 min at room temperature.

They were pre-run in electrophoresis buffer for 30 min at 10 mA/gel.

N\

Staining reagents

For the staining of LPS gels, the Schiff reagent was prepared

according to the Canalco technical bulletin. Basic fuchsin (0.5 gm)

4
$
A
i
&
,i‘
1“

was added to 100 ml distilled water followed by 10 ml of 1 N HC1 and

1 gm of sodium metabisulfite. This preparation was shaken at inter-

EY N T

t vals for 3 h at the end of which time 0,5 gm activated charcoal were
added. The solution was filtered and stored in a dark bottle in the

cold.

TS

2

.

*
e

’.."
Y
L]
.
3 5%
B
o



( 39

%

Protein gels were stained with 0.25% Coomassie Brilliant Blue
(Sigma) in 122 trichloroacetic acid - 507 methanol. The staining

procedure of Inouye and Guthrie (1969) was used.

Bragotionation and couﬁting of radiolabeled gels

Polyacrylamide gels containing radiolabeled samples were frac-
tionated into 1 mm sljces with a Gilson Aliquogel fractionater. Gel
fractions were allowed to swell overnight in Triéon-t:oluene scintilla-

\
tion fluid and were then counted on a Nuclear Chicago Isocap/300

lit';u:ld scintillation counter. |

Polyacrylamide gel dengitometry ’

Polyacrylamide gels [\that were stained with the Schiff reagent
were scanned on a Unicam SP 1800 ultraviolet spectrophotometer:
equipped with a densitometer attachment. Gels were scanned in 7.5% 3
aceti:c acid at 540 nm using a slit w\idth of 0.1 mm. Relative quanti-

tation was obtained by comparing peak areas.

Seanning wavelength spectrophotometry
A Unicam model SP 800 ultraviolet spectrophotometer was employed
R
for scanning wavelength analyses. All samples were read at room tem-

perjture in matched quartz cuvettes with a 1 cm light path,

']
AN

Sepharose gel filtration
LPS (10 mg/ml)- was solubilized in the SDS solubilizing solution

used for polyacrylamide gel electrophoresis and was chromatographed
‘ } : \
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o
on Sepharose 4B and 68 (Pharmacia). The Sepharose was allowed to

equilibrate in 0.05 M Na,HPOy~- 0.05 M NasMoO, - 1% SDS buffer (pH ,

7.0) and was packed in K 25/45 columns (Pharmacia) fitted with flow

adaptors. Columns were packed and operated at 25 + 2 C. Samples

n
were chromatographed by the technique of upward flow elution at a
i
) flow rate of 14 ml/h. The effluents were assayed by,a Refractive

Index monitor (Pharmacia) and 2 ml fractions were then collected by

n LKB Ultrorac fraction collkctor. .Fractions repregenting each peak
were pooled and dialyzed against distilled water containing 0.02Z
sodium azide at room temperature. Sodium dodecyl sulfate was completely

removed from the samples by precipitation with saturated BaCl, solution

g
LR RS ey i %08 LRt o AR B Sl

S

and the peak material was concentrated by lyophilization, Blue dextran

.
w ez
Bt

(0.5Z) and sucrose (10 mg/ml) were used to determine the void volume
(Vo) and the included volume (Vy), respectively. Dextran preparations

(10 mg/ml) of various molecular. weight; ranges were employed as stan-

1

dards. The molecular sizes of the LPS peaks were esti‘mated by compar-

ing their experimentally determined K,, values to those obtained with the
Ve - Vo

tion volume, V, represents the void volume and V, is equal to the

standards. The formula used was K,y = » Where V, ig the elu- :

total bed volume.

Degcending paper chromatégmphy

LPS monosaccharides were separated by descending paper chromato-

4

graphy in ethylacetate-pyridine-water (120 : 50 : 40 Y/v) at room -

. R ‘ R
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t:emperz‘lt:}ure on Whatman #3 chromatography paper (Smith, 1960). Chroma-
togréqs were developed for 20 - 24 h aft;r which time they were dried
and cut into strips for the detection of compounds with selective
gpray reagents or by counting for radioactivity. Hexqses were de-
tected with analine phthalate and amino sugars with ninhydrin. Chrom-
atograms containing [“C]radiolabeled saml;les were cut into 1.5 em?
piéces which were placed in scintiliation vials, moistened with 0.2

4

ml distilled water and counted with 10 ml Aquasol (New England Nuclear).

Hydrolytic procedures -

For chromatographic analysés 2 - 5 mg LPS samples were hydrolyzed
in sealed ampoules with 2 ml hydroéhloric: acid at the appropriate
concentration and length of time required for the maximum release of
the sugars being analyzed. Lipid A (1 mg) was hydrolyzed in the same
manner after which the fatty acids were removed by gxtracting the hy-
drolysate with petroleum ether., All hydrolyses were c;rried out in an

oven maintained at 100 to 105 C.

Gas - liquid chromatography \
~

Monosaccharides were analyzed by gas-liquid chromatography of the

L‘corresponding trimethylsilyl (TMS) or 'alditol acetate derivatives.

Trimethylsilyl derivatives were prepared and chromatographed according
to the procedure of Kondo and Ueta (1972). Hydroﬁzed LPS samples
were treated with 0.5 ml pyridine~hexamethyldisilozane-trimethylchloro-

silane (9:3:1) (Applied Science Laboratories) in teflon-capped reaction

41
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vials. The reaction was allowed to proceed at room temperature and
the derivatized samples were dissolved in chloroform 'or carbon disul-
fide for 1njectlﬂon. Alditol acetate derivative; were formed by the
metho\d of Perry and Webb (1568\ using ‘methflene chloride as the sol-
vent. D-glucoheptose was added to the samples as an internal standard,
prior to the derivatization procedure, at a concentration of 2-3%
WOR ‘ .
Sample peaks were ident:i.fiec‘iw by comparing their retention times
to known derivatized standards and quantitation was achieved by com-
paring peak areas of the unknown monosaccharides to that of the
internal standard according to the equation A = h x w at 1/2 h, where
A 1s the peak area in mm?, h equals the peak height and w repnest;_nts

the peak width at half of the peak height.

A detector response ;:urve and cortectio)n factor (K value) had to
be determined' for each monosaccharide standa;rd chromatographed on both *
the HI-;EFF and 0V-275 columns. The flame ionization detector gives a
linear response over a specific concentration range of each sugar,
consequently, the relationship of peak area to sugar concentration is "
valid only within this range (Jones, 1970). The detector response
curves were experimentally determined in the Results (Sectio<n I).
Also, the flame ionization detector does not give the same response to

equal concentrations of different monosaccharides and, therefore, the

correction factor is neces\sary. The K values were calculated for each
A
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W
sugar by using the formula K_ = fg___ig in' which Ag equals the area

8  Afg Wg
of the standard sugar, Ay, equals the area of the inter;;I‘standard,
Wg the weight of the standard sugar, and Wjg the weight of the intern-~
al standard. A known amount of each standard sugar was injected with
a known amount of internal standard. Since W, and Wiz were known and
Ag and Ayg could be measured on the chromatogram, Kg could be calcul-
ated for each sugar. The LPS monosaccharides were then quantitated
Au Yig  4n which A, and Ay, equal the areas of

. Ays Ky '
the unknown sugar and internal standard, respectively (as measured on

using the formula W, =

the chromatogram); Wig equals the weight of the internal standard (a
known amount was added to the LPS sample); and Kg represents the correc-
tion factor which was previously calculated for each sugar (Sloneker,

~

1972). 0

Chromatography’was performed on a Varian Aérograph series 1700
dual colymn chromatograph equipped/y;;h flame ilonization detectors.
Helium was used as the carrier gasi For the chromatography of the
trimethylsilyl derivatives two colummns were employed. Columns A and
B were 3% SE-30 (a silicone gum rubber) and 3% OV-1 (a dimethylsilicone
gum), respectively. Both phases were on 100/120 mesh acid-washed,
dimethyldichlorosilane treated Chromo;§{? G in 6 ft. columns. The
columns were operated as 180 C at a carrier gas flow rate ranging
from 25 to 45 ml/min. Detector and injector block temperatures were

215 to 225 C and hydrogen and air flow rates were 13 to 14 and 500 to

c
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600 ml/min, respectively. A\ldgyyl acetates were chromatographed on
three colums. Colum C was a 107 neoi:entylglycol sebacate (HI~-EFF)
liquid phase on an acid-washed, dim?athyldichlorosilane treated Chro-
mosorb W support, 80/100 mesh. The colum was 5 ft. in lerigt:h and
was operated a;t 230 C at a carrier gas flow rate of 32 to 33 nl/win.
Column D was a 3% cyanopropylmethylphenylmethylsilicone (ov—275? ph‘ése
on acid-vashed Chromosorb W 100/126 mesh. This 6 ft. colupm was run
at 220 or 225 C with a carrier gas flow rate of 17 to 18 ml/min. Col-
um E was a 3% ECNSS-M (an ethylenesuccinatecyanoethylsillicone copoly-
mex:) on 10b/120 mesh” acid -washed, 'dimethyldichlorosilane treated
Chromosorb G (Crowell and Burnett, 1967). This colum was 6 ft. in
length and was operated at 200 C with a helium flow of 23 ml/min.

The injector temperatures were maintained at 230 to 240 C for columms
C and D and at 245 C for column FE. The detector block was 270 C for
colums C and D and 255 C for column E. The hydrogen gas flow rates
for colums C and D were 20 to 22 ml/min and for cblum E, 24 ml/min.
The flow rate of air w;s 400 to 463 ml/min for C and D and 500 ml/mﬁa

for colum E. )

Preparation of whole cell amtigem for immunization

Marine pseudomonad variant 3 was grown on nutrient broth-yeast
extract agar plates overnight. Cells were washed off the agar with
complete salts and were boilled for 1 h. The cells were washed in e;md
then resuspended in complete salts containing 0.3%7 formalin to a con-

centration of 21 x 109 cells/ml (Kabat and Mayer, 1961): The antigen

was used to inject, intravenously, New Zealand albino rabbits.

44
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Collqecticm and preparation pf antigerum ﬂ l
Blood was coxllected by cardflac puncture, was allow_edfto clot
* at room temperature and was stodred at 10 C overnight. The serum was
decanted and any . remaining erytixrocyt:es vere removed by centrifuga- '
tlon. The serum was sterilizeq’ by passage through a Seitz filter

and was stored aseptically in serum bottles.

Determination of antibody titer ’

. Tl;e antiserum was titered by pa;sive hemagglutinatisn according
to the procedure of Leive et all. (1968) . Lipopolysaccharide was
tt;ated t::lth 0.02 N NaOH at 37 C for 18 Y and was used to coat sheep .
’red blood cells. Sheep erythrocytes were washed twice in 0.85% NaCl
and were i"es;xspended in® sa\line to a concentration of 2.5% (V/v). The »
.treat":ed LPS was added to the suspension to obtain a final concentra-
tion of 100 ug LPS/ml of 2,52 sheep' erythrocytes. Tl;e mixture was -
incubated for 2 h at 37 C while the serun vas being inactivated at

" 56 C for\30 min. The s;nsitized red blood cells were washed twice1 e
in saline to re;move excess LPS. Saline (50 nl) was added to dilution
wells and 50 yl of the gserum was seriallyl diluted. The s;ensitized
red blood cells /’,(250111) wvere ;dded to each well and the m?.xcure\s wvere

"incubated at room temperature.

Double irmunodiffusion :
. / N
The antiserum was concentrated for use-in the double immunodiffu-

sion studies. A saturated solutfon of (NH,),S0, was added to the
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\ R antiserum (l:1 v/v) aﬁd the pFecip‘tate was collected by centrifuga-
‘sion. Thé precipitate was dissolved in 0.85% NaCl and dialyzed .

‘- against saline to remove excess (NHy),SQw. The dialysate was reprecii A

. . .
el pitated and dialyzed two additional times. The final dialysate wasg
- i

, . N
‘ adjusted to 60 mg protein/ml saline. This concentrated antiserum was

$ ]
used in all immunodiffusion experiments, i

. » .

Clean gléss'microscope slides were precoated and layered with 1%

-
ARG hsinen -

,.
NI
3

~3

- o

Nobel agar (Difco) in physiological saline. ,WEllsi 3mm in éiameter

S I and spaced 9 mm apart fcenter to center), were made withra gel puth ’
‘(Gelman Instr?ment Co.). The wells were éilled with antibodx or anti-
, gen susLensiona and allowed to diffuse for 24 h at room temperature "

in a moist chamber. Precipitin lines were recorded and the slides

_ were pﬁotogr;phed following the incubation per;?d., The slidep were
then immerqu in saling for 48 h, with at least three change;, and

- . *

dried uqher filter Qapééc The slides were staineyl with Amido black

10B for 1 h and destained in ZZ'glacialiacetic acid (Uriel add Grabar,

1956). * Cos ' . .

Q o

Analytical methods « - . oy

?otal neutral carbohyérate Q;; assayed‘either by the anthrone '
method as modifi;dgby Fairbairn (1953) or by the phenol sulfuric acid
] .+ . procedure (Dub;is e? ai., '1956).'"Tot§1 am}io sugar was measured .
-l ‘ acc;rding to the Blix (1948) modification of thé Elson-Morgan assay.

2N Determ}ﬁhtion of 2-keto—3-deoxyoétulosonic acid (KDO) was by the

4

.
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thiobarbituric acid assay (Weissback and Hurwitzl~1959) and was
L3 v °

corrected for the interference of sialic aeids (Warren, 1963). The
proceddre of Osbornl(1963) waé used in the determination of heptose.
Protein was measured by thé procedure of Lowry and co-workers (1951)
using bovine serum albumin as the standérd while phosphate was deter-
mined by the procedure of Chen et al. (1956) with KH PO, as the
standard. The ash content of the LPS was ‘determined as previously
described (0'Leary et al., 1972) and lipid A was quantitated by dry

weight. The carbocyanin dye procedure was performed according to

the method of Janda and Work (1971). ( ;}
/ ‘ . '

i J
Dry weight determinations -

b

Dr} weights were determined in 10 or 20 ml glass\::akers which

had been acid-washed and chloroform~methan51 (2:1) was d,\he§Ced

o Py
in an 80 C oven for several hours, and allowed to equilibrate to

_ ’
constant weight over phosphorous pentoxide in a desiccatoF.

Seintillation flutd ‘ > N
"Radiolabeled samples for liquid scintillation analysis wére
count;& in a solution contafning 0.5 gm 1,4-bis[2-(5-phenyloxazolyl)]
benzene, 18 gm 2,5-diphenyloxazole, 1 liter Triton X-100 and 2 liters

toluene. The efficiency of [!%*C] counting in this fluid was 90%.

-
R

Preparation of glassware . o

4

All pipets and-glassware used for chemical assays, gas-liquid
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. chromatographic sagplé préparation or in handling\samples of any sort
gere acid-washed in sulfuric acid-nitric acid (é:l) and rinsed ten
times in li;e distilled and three times in glass distilled water.

Any glassware involved in ghe han&ling of lipids was chloroform-meth-

1
anol (2:1) extracted. ‘ |

s

A e o S e

Chemicals and radioactive chemicals

v

All enzymes, dextrans and monosaccharides were purchased from
Sigma Chemical Co. Monosaccharide purity was established by gas-
' liquid chromatography of the corresppnding alditol acetates. Acryla-

A

mide,l—ethy1—2~[3-(1—ethylnaph%?o[l,2d]—thiazolin-Z-ylidene)-2—methyl&

gropenyl]naptﬁo[l,2d]—thiazolium bromide, and 2-thiobarbituric acid

were obtained from the Eastman Kodak Co. N,N,N',N'-tetramethylethy-

L AR

lene-diamine[l,Z—bis(dimeihzlamino)]ethane (TEMED) and N,N'-methylene- -~
bisacr;lamide were products of K and K Laboratories, Inc. Other S
chemicals and solvents were purchased from Fisher Scientific or Can-
lab Chemicals and were reagent grade purity. Solvents were ugually
gas—-1iquid chromatographic and spectrophotometric qualityij/il“clgal—
actose '(uniformly labeled), dextran~[1“C]carboxyl {molecular weight
15-17,000) and dextran [l“c]carboxyi (molecular weight 60-90,000)

&were purchased from New England Nuclear or Amersham/Searle Corporation. vy
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RESULTS .

Introduction b

The investigation into the characteristics and heterogeneity
of the marine pseudomonad lipopolysaccharide (LPS) was @pproached .
according to the scheme presented in figure 1. The major emphasis |
of the work concentrated heavily on the experiments represented by
Th? right side of the scheme because this aspect of the étudy had
tg be established prior to the more advanced experimental outline
presented on the left. Briefly, experiments were designed to es-
tablish that LPS heterogeneity or aggregation was a real and
important phenomenon and existed in LPS that was extracted from
whole-cells or cell walls of the marine pseudomonad. The relation-
ship of the various components that cofitributed to this heterogen-
iety was examined by chemlcal analysis, immunological cross-reac-
tivitx“and gross morphology. Once the nature of the LPS hetero-
‘geneity was established more intricate studies were‘initiated in
an attempt to show the order and.rate of blosynthesis of ghe LPS
components in vivo and in an artificial cell sistem which does not

1

contain any "old" LPS or outer cell wall.
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Q}f SECTION I

o

CHARACTERIZATION OF THE MARINE PSEUDOMONAb WHOLE CELL LIPOPOLYSACCHARIDE

y Extraction from whole cells

The marine pseudomonad LPS was extracted by -the procedure. devel-

oped by 0'Leary and co-workers (1972). During the course of initial »

extractions it became evident that several steps‘in‘che procedure
resulted in variable yields of LPS. Several minor modifications were
made and these can be listed as follows,[ The concentration of Mgciz
that was aéed in the phenol-water extraction mixture was increased
from 0.026 M to 0.05 M, the extraction temperatire was increased from
60 C to 65 - 68 C, dialysis to remove phenol included 0.05 M MgCl,,
the homogenizations were eliminated and the cold acetone precipifa-
tion of the LPS was replaced by collectingtheLPS by high speed U
centrifugation and concentrating by .lyophilization. The incteased\

3

Mg2+ concentration was an extension of the original observation of &

.

0'leary that this ion resulted in a more efficient isolation of LPS

-~

in this bacterium than either Nat, K* or a combination of all three,
fons. The extraction témperature was increased because phenol and
water are much more misciﬁle at the higher temp;ruture and, for this
reason, result in a better extraction (see Westphal and Jann, 1965).
Dialysis in 0.05 M MgCl, simﬁly was consistent with the extraction

concentration and, in addition, the Mg2+ wag found to be necessary

for the sedimentation of the LPS probably -through complex formation

- N
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as in the case of Salmonella (Osborn et al., 1962). The homogéniza—’
tions did not appear tL increase the purity of the LPS preparations
and seemed repetitious in view of the fact that several resuspen-
sions aﬁd high speed centrifugations were employed in the procedure.
The major difficulty in the 0'Leary procedure was the f*ngl acetone
precipitation. - In some extractions, 1 volume of acetone would
precipitate the LPS while in other experiments as many ag 10 volumes
did not cause precipitaéion. In some cases acetone will prec}pitate
many inorganiqacomponents, consequént&y, it does not contribute to
the purification of the crude LPS. When the ;odifications were
employed, the LPS yield was reproducibly 2 to 3% of the dry weight
of the bacterial cells and there was never an extraction in which

no LPS was obtained. Table 1 is a comparison of the yields obtained

in a series of LPS extractions.
A

Once it was established -that the LPS could be isolated Jznsisr

sently and that the extraction procedure wag-trimmed to the esséﬁtial
steps 1t became advantageous to isolate, in a single gxtraction, '
enough LPS necessary to perform all chemical investigations. For
this purpose J culture of the marine pseudomonad was grown in a 100
liter fermenter. Growth was mGnitored by following the optical
density of the culture and the épsulting growth curve is shown in
figure 2. The cells were suppo:;d to be harvested during late log-
arithmic phase, however, .the culture entered stationary phase early

Cad 0
and was collected at this time. Under batch culture growth conditions

o [
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TABLE 1. N
1 . ‘/
Yield of Zipopolysacchartdé obtained by the 0'Leary phenol-water
extraction : Comparison of the original and modified procedures ]
Mg material/gm a
Experiment Procedure . of cells dry weight LPS
4
\ 1 0'Leary et al. (1972) 20 + ]
-
2 0'Leary et al. (1972) 0 -
i
3 0'Leary et al. (1972) 1 - L
4 - modifications: ' 20 +
(1) .0.05 M MgCl, . ] ,
(2) 5 volumes of acetone \ >
. 5 nodifications: : 0 - ?
(1) 0.05 M MgC1, . »
% \ (2) 10 volumes of acetone :
1 6 modifications: . 30 + 3
g (1) 0.05 M MgCl, 1
] (2) lyophilizatiom . i
3 §
7 . modifications: ' 30 + {
/ (1) 0.05 M MgCl, : ;
. , \52) lyophilization o !
\\\\\\\ 8 nodifications: 20 + ' \\
\ (1) 0.05 M MgCl, ’ .

(2) lyophilization

he presence of LPS was determined by either a positive carbo-
Ty cyanin dye reaction, KDO assay, heptose assay, carbohydrate
‘ l staining material on SDS-polyacrylamide gels or a cambination
" of these procedures. | ; |
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Growth curve ‘of the marine pseudomonad cultured in a .
100 liter fermentey. .
The culture was grown in nutrient broth-yeast
extract complex medium. Optical density was moni- !
tored with a Coleman Junior spectrophotometer at 660 ‘ O
nm,
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i‘y mid logarithmic phase is reached at 0.55 0.D. at 660 nm (Coleman
Junior Spectrophotometer). The nutrient broth-yeast extract complex
medium was used in the fermenter and it is not known whether nutrients ﬂ

or aeration was a limiting factor. Foaming did occur because only

a small amount of antifoam was added. It was not known what effect,

if any, antifoam would have on the Ebacterial cel]:a wall. Aqueous phe-

-

nol extraction of the cells from the fermenter grown culture yielded

approximately 3%Z LPS by dry weight., Sodium dodecylsulfate (SDS)-

A et B BT S

polyacrylamide gel electfophoresis demonstrated that this LPS gave

adh

the same electrophoretic pattern upon stainit;g with the Schiff rea-
A\

} gent as LPS extracted from batch cultures. For a morfa accurate com-

Hoy B sl

, barison, the carbohydrate compositions of the two lipopolysaccharides

i

were cmixiaared by; gas-liquid chromatography of the trimethylsilyl J
, . 7 p .
/ derivatives. The chromatqgrams were qualitatively the lsmwla, however,
it :l:g obv}ous that theré are a few quantitative g’ifferences among
several of the monosaccharides (figure 3). Although the actual con-

centrations of the d}fferent sugars were not calculated,'examination

=

of the chromatograms demonstrates that the concentration differences

¥ P

\ are very 'slight. When radiolabeled LPS was neede&, batch cultures
\ o

were used for extractions.’ \
' “ N e — -

TS

Determination of purity. . o f ;

1]
& R

The procedure of Janda and Work (1971), wh:lch\ is based on the

L

3

’

! ’ / occurrence of a predicted- spectral sh’ift when LPS 18 reacted. with a

&
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Compar;saﬁ of the carbohydfate composition of the marine

-

pseudomonad LPS extracted from: (A) fermenter gfo@n

s

o

Thb\trimefhylsilyl degiéatives were chromatographed

on columm B at an oven temperature of 180 C. Peaks were

'

{
identified asy 1. 2-amiro-2~deoxygalactose, 2, 2-amino-

- n

2-deoxyglucose and. galactose, V?..Lglucose1 4, gala;tose;

glucose, 6. Z—amind-Z-dgpxygala;tose, and 7. 2~arfino-

2-deoxygldcose. The unlabeled peaks were not identified.
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|
' carbocyanin dye, was used as a measure of the purity of the marine

pséudomonad LPS and to demonstrate its similarity to other bacterial
1ipop charides. The dye reagent has an aLsorptipn maximum at
510 nm‘and will undergo a shift to higher wavelengths when reacted
with proteins, nucleic acids and acidic polysaccharides. However,
a shift to- }ower wavelengths indicates the presence of LPS. Reac-
tion of the marine pseudomonad LPS with the dye resulted in a )
épectral shift to 46'8 nm (figure 4). There were no additiox:xal
absorbance peaks with this preparation from 510 to 600 nm suggest-
ing that the LPS was relativrely pure. Numerous attexﬁpts were made
to develop this . procedure into a quantitative assay, hbwever, the
results supported the find?.}gs of Zey and Jackson (1973) which
stated that repeated trials to construct reproducible standard

curves exhibited extreme variability if numerous experimental con- «

ditions were not rigidly controlled.

Chemical composition

Y

A sensitive and quantitative method was needed to determine the
carbohydrate composition of the LPS because of the complications in-
volved in analyzing a complex mixture of monosaccharides particularly

when they were often present in minute amounts of matewigl. Paper
4
» .
chr3matography did not afford the resolution and degree of sensi-

tivity ‘that was required for the analysis and quantitation by this

-~

technique was unreliable. Thin layer chromatography looked as 1f it

¢ . i o (
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3

4

? ,l\
Fig. 4. Carbocyanfn dye scan of the marine pseudomonad LPS.

”

Scan 1 represents the dye reagent and p¥bf11e

2 is the gye reagent reacted with approximately 0.5

mg LPS.
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would be a useful method and various solvent mixtures were éxamined
fo; their ability to separate thé)LPS monosaccharides. However),
the separation was exceedingly disappointing and quantitation posed
the same problem as in paper chromatography. Gas-liquid chromato-
graphy appeared to satisfy the requirements of 3§nsiﬁivity, resolu-
tion of complex sugar mixtures and quantitative reproducipility.
Initially; the tﬁimethylsilyl Eerivatives were used and a typical
separation of sugar standards is shown in figure 5A. Unfortunately,
a‘separate peak is obtained for both the a and B anomers of a mono-
saccharide. The'Z—amino—2~deoxy sugars sometimes resulted in(gs
many as fpur peaks upon derivatization. This provided extremely

complicated chromatograms on which sugar mixtures could not be .

resolved as evidenced by the ﬁhromatogramuof LPS (figure 5B). ,

The trimethylsilyl derivatives were abandoned andithe alditol.
acetate derivatives were considered as a replacement. This deriva-—
tive had the advantage of yielding one peak for each mongsaccharide
which simplified the chr#ma;og;am. The separation of standards was
excellent and all the monosaccharides analyzed could be separated
on a minimum of two col;mn packings (figure 6). In early studies

the HI-EFF and ECNSS-M columns (column C and E respectively) were

]

,used for analysis of the alditol acetates. The peaks on .the ECNSS*M

colum tended to tail which made curate measurement of peak areas

difficul{:g The OV-275 column (D) was far superior to columnfﬁgin

both sgeparation and thermal stability. lConsequent:ly, column D was
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Pig. 5. Carbohydrate analysis of marine pseudomonad LPS by gas-
liquia chromatography of the trimethylsiliiEderivatives.
Ghs~liquid chromatography was performed on column A
ft 180 C. Chromatogram A contains derivatized standards
and chromatogram B represents LPS. Pe;k identification:
(1) Z-aminoTZ-dedxymannose; (2) 2-amino-2-deoxygalactose .
and'galactése: (3) 2-aminogz2-deoxyglucose, 2-amino-2-
deoxygalactose and galactose; (4) 2-amino-2—deoxymannose;
(5) a,D(+)-glucose; (6) galastpse; (7) 2-amino-2-deoxyglu-

cose; (8) B,D(+)-glucose; and (9) Nr;cetylglucosamine.

The remaining LPS peaks were not identified.
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Figq 6 "

3

o : " ¥
Sepgration of alditol acetate sugar derivatives on the HI~-

~

EFF and OV-275 columns. .
E Chrotgtograq A, standatds on OV-275 at 225 C and
chromatogram ﬁ: standards on HI-EFF at 230 C. Peak iden-

‘ tification: 1; galactose; 2, glucose; 3, glucoﬁeptoée; )
4, glucosepgnd,galactose:) 5, glucoheptose; 6, i-amino- =
Z-deoxyéiucose and 7, 2—am1no—2—deox§ga1éét§se.
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paration demonstrgted more than one peak when derivatized and chroma-

LS

2
£

1

) ~

employed thereafter instead of column E. Detector response curves

were calculated for’each available standard on columns C and D as’
/

relative’(to the internal standard, D-gluccheptose (figure 7). The

L3 N ‘
response curves for the derivatives of the standard sugars were

obtained by chromatographing increasing amounts of each standard

H
14

with a constant amount of internalﬂhtandard. The areas of the stan-~ ,
/ i
dard and internal standard peaks were measured and the ratio of these

areas was plotted (Jones, 1970). }n the cagse of the response curves

for the internal standard, the peak areas had to be graphed directly

(figures 7E and 7F). Linearity was obtained with sugar concentra-

.

tions in the range of 0.005 to 0.05 ¥moles. Table 2 lists the K
values Bbtained'for the aldi&oi aé;tace standards. The K values for
heptose agd the two unknown sugars were arbitrarily chosen as 1.00 based
on their relative retention times because standards could not be
'

obtained for tXese components. The K values were used in the quant}-
tation ofléhe LPS sugars (see Materials and Methods section) and were
dependent upon the type of column packing and detector. D—glucohep-‘
tose was cposen as the internal stan&ard for the gas-liqu%d chromato-
graphic analyses because: (i) it eluted iﬁ a central position in
relation to the Lés monosaccharides; (i1) it could be separated from

the LPS sugars in the colums employed, and (1i1) it was_easily

obtainghle in a relatively puré state. The originally purchased pre-

tographed (figure 8A). Onme recrystallization in ethanol resulted

/
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Fig. 7. Gas—liquid chromatography detector response curves for //
the alditol acetate derivative standards on columns ™

e 0V-275 and HI-EFF. !

Graphs A and B depict the detector response curves

for the alditol acetate derivatives of glucose and gal-

3
actose, respectively. Chromatography was performed on
the OV-275 column at 225 C. Graphs C and D represent the

response cu‘rves.for the derivatives of 2-amino-2-deoxy- o

glucogse and 2-amino-2-deoxygalactose, respectively.

Chromatography was performed on the HI-EFF column at 230

C. Plots E and F represent the response curves for the
derivative of glucoheptose (internal standard) on the
0V-275 and HI-EFF colums, respectively. In graphs A—D,‘ /
Ag/Ayg 18 the ratio of the area of the stan‘dard( sugar peak
to the ‘area of the internal standard peak. In E and F

the area of the internal standard peak (Agg) 1s plotted

directly.




}

JMOLES INJECTED (xIO°%)

.1

6-0 s .} -
. A —
41?{ /u/ ‘
2 — '
> N/
/.-.L ’ A / A A - ) - | 2 ‘
A
. B
6 OI' i .,_./
. - o —
4.°t . Pl
. N
2.0 S [y +
R H —
/?/ } | A A Y 'R A
L ¢
40 s — ©
- \ /
2:0- ) R
3 ’H/
’- e, y - A A A t - e A
g D '——‘/
4-0F /
2:0r /“
i /L y - e A 8 F 1 - 'y
10 20 30 0 50 60 70 8-0 90
A, Al. . ‘
6.% a .
] E 1t~
- '_(
P .._../
b / '
20} — ‘
’ 1 "/ J .
i -/l ( ; . A a2 A A - y - ; -
20 40 60 80 100 120 140 160 180 200
* Al. (Cm., ‘\\
sof F ! \

3o -
2.0#_ . /
l.oH_' . . / //
T AR
10 20 30 40 80 60 70 80 90 100
’ Al' (cm"

\




64

) TABLE. 2.

Determination of the K values for the quantztatwn of momosaccharides
by gas—thuwd chromatography of the alditol acetate derivatives®

k]

Molecular Standard

_ Monosaccharide weight Kb deviation €olumn
galactose 180.2 1.03 - 0.04 ov-275
glucose 180.2 0. 96‘ 0.02 ov-275
2-amino-2-deoxygalactose 215.6 0.59 0.03 HI-EFF
2-amino—2-<ieoxyg1ucos& élS .6 0. Sl‘l . 0.04 HI-EFF
heptose® 210.2 1.00 - HI-EFF
unknown 1 . 163.2 1.00 - HI-EFF

(2-anino-2,6-dideoxy-
glucose)C - ’
unknown 2¢ — 1.00 = -- HI-EPF

'%he internal standard, D-glucoheptose, was arbitrarily chosen as
K = 1.00.

¢

bKS = A Wig (see Materials and Methods for explanatiom).
- Agg Wy il

CSince no standards were available for these sugars the K values were
determined from those standards that chromatographed the closest to
these sugars. -

\
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Pig. 8. Examination of the )purity of the recrystallized prepara-

' /’ !
tion of D—glucohe}(iose by gas-1iquid chromatography.
}/ !
Glucoﬁeptos_é hexaacetate wag chromatographed on
[ - -
column C at 230 C. Chromatogram A, original D-glucohep-

»

o f
' tose and chro(pat:ogram B, D-glucoheptose following one I

S0t
recryatallightzon in ethanol.
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in a pure preparation which was subsequently added to all samples

as an internal standard (figure 8B).

For gas-liquid chromatography, the LPS was hydrolyzed under
[various conditions to determine the maximal release of the mono-
saccharides in each of the major carbohydrate groups p|resent:. The
majority of the monosaccharides found in the marine pseudhmonad
LPS were either hexoses or hexosamines. This data 1s presented in
'fable 3. Maximal release of the neutral carbohydrate was achieved
by hydrolysis in- 0.1 N hydrochloric acid for 1 h at 100 to 105 C
Hydroly;:ing the LPS in lower concentrations of acid resulted in
broad peaks with very long retention tim\e\s which could only be attri-
buted to the presence of disaccharides. lHydrochloric acid (1.0 N)
for 1 h at 100 to 105 C was necessary for the maximal releask of the
amino sugars. The neutral sugars we;'e rapidly destroyed by this
‘stronger hydrolysis while the amino sugars were much more stable to
higher concentrations of acid. These results demonstrated that the
marine pseudomonad LPS was considerably more acid labile than the

lipopolysaccharides found in other species of Pseudomonas. Optimum

condit:iom;~ for the release of the carbohydrate from the fatty acids

N
- present in the 1ipid A portion of the LPS molecule were also examined

for quantization purposes. Table 4 indicates that the maximum
yield of 2-amino-2-deoxyglucose from 1ipid A was obtained when 4 N

hydrochloric acid was used for 4 h at 100 to 105 C.
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’ - , TABLE 3. ) . . :
Determination of the hydrolysis conditions necessary for the maximum release of monosacchmdes from
the degraded polysaccharide portion of the marine pseudomonad lipopo lysaccharide®
gx:;tz:z: | % of de graded polysaccharide dry weight oo
- hydrochloric time . - ‘
acid galactose glucose’ 2-amino-2- 2-amino-2- heptose _
concentration (h)b deoxyglucose deoxygalactose
} @ Y
- 0.1 N 1 9.73+0.05 5.6510.03 N.A.© N.A. 3 3.16+0.03
O.S\N 0.5 8.22+0.10 5.10:0.03 2.31+0.09 9.94+0.10 2,91+0.01
0.5 K 1 7.44+0.36 4,28+0.24 57&910.06 11.09+0.08° 2.37+0.02
1 N 1 7.34+0.09 4.11+0.04 6.25+0.03 12.00+0.08 1.92+0.01
- 1 N 2 3.24%0.08 1.75+0.06 6.07:0.0—3 11.22+0.06 0.76+0
2 N 1 2.4810.06 1.33+0.03 5.75:0.14 9.62+0.20 0.1%9:6.03
2 N 2 0.94%0.02 0.41+0.01 6.07+0.%2 9.95+0,.27. 0.16+0
2 N 4 o o - 6.87+0.10 10.28+0.07 0
- 4 N 4 0 0 5.97£0.12 8.9210,21 ~ 0
. o
aQuautitat ion was performed by gas-liquid chromaiography of the alditol acetate deri:‘atg;ﬁes . i ~
bHydrolys es were carried out in an oven mintai_ned at 100 to 105 C for the specified Alength oﬁt:lmg .-

°N.A. = not ‘assayed. - - .
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o ktemnat:wn of the hydrolysis conditions necessa:ﬂy for the maximum
release oyg-mnno-z-deozngucoae from the 1ipid A portion of the
N lipopolysacchiridea ,
@ . 4 . ‘ . ‘\
Hydrolysis conditions 2-amino-2~-deoxyglucose
2
hydrochlor'ic acid - | time % of lipid A dry weight f . ’
: concentrations (h) . ' ’
S 2 11.3840.12 |
/, ’ e
’ ' 4N 4 ' 13.51+0. 14
t / "
\ 4N 6 _ 1,880
\
i P .
a1‘:::'per:lmem:al condftions were the same as those employed in Table- 3.
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W:ith the hycirolysis conditions for the mari\ne pseudomon;ad LPS |

b established, gas—ltqnid chroma'togtaphy wa; perfor;ned using LPS5 sam- -
ples that were hydrolxzed in 0.1 N and 1 N HEL fo‘r 1 h. All LPS
-samples had to be hydr\olyzed under botl; sets of conditions. ‘The

. - chromatograms in figurel 9 1llustrate the separation of the carbohy-

: drate components in the degraded polysaccharide and 1ipid A portions
- -
of the LPS: All of the monosaccharides, except glucose and galac- .

co;;e, in the degraded poiysaccharide portion of the LPS were cleénly ’

separated on the HI-EFF column at 230 C. Glucose and galactose

eluted as a single peak .and, therefore, had to be separated on the

0U-275 column. The amino sugars eluted exceedingly late on O0V-275

/ .

¢
resulting in broad, barely detectable peaks; consequently, the remain-

| der of the chromatogram was not shown. The 1ipid A was chromatogra-

‘ /
- phed on the HI-EFF column which showed that 2-amino-2-deoxyglucose

was the only identifiable componeﬂt. The shoulders which are seen 3
on the glucosamine and internal standard peaks could not be identified, .
\ howéver, they made an insignificant contribution to the total peak )
area on the chromatograms. _ K
The, "chemical composition of the whole cell LPS ig shown in Table \ é
5. Total neutral carbohydrate was determined iay the anthrone proce-
dure rather Ehan by the phenol-sulfuric a,clid‘ assay. The latter method
\ ga\ve consistently higher values, a discrepancy which could not be
e:éplained. The lipid A portion of the LPS molecule was assayed by '
N | .
? ‘m‘ : —
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Fig. 9. Carbohydrate analysis of degraded polysaccharide and 1lipid
A from the marine B“éeuéomo&a,d LPS by gas-liquid chromato--
3

graphy of the alditol ‘tate derivatives. L

N

Degraded polysaccharide wa"si chromapc;grhphed on l’!I-EFF‘\
(chromatogram A) and OV-275 (chromatogram-B). Lipid A was

chromatographed only on HI-EFF (chromatogram €).. Peaks

e

wera identified as: 1, éalactose; 2, lgiucose}. 3, heptose;
4, glucoheptose; 5, glucose and galactose; 6, inknown 1;

7, unknown 2; 8, heptose; 9, glucoheptose; 10, 2-amino-~

L

2-deoxyglucose and 11, 2—amino—2'-deoxygalacfose. A‘ﬁt:.

equals attenuation.
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1

.TABLE 5.

véfnposition af' the lipopolysaccharide isolated from the marine !

pseudomonad
/ :
- Components % of LPS dry weight
\ 'l‘ot:a)g2 neutral sugars 24,9 * 6.2
glukose o : o 4.64 t 0.52 l .
galdctose ' ' 7.99 ¢ 0.90
heptose . 3.06 t 0.10
total amino sugars 27.7 + 2.9
unknown 12 . 1.71 + 0.03 "
unknown 2 . N 1.36 + 0.09
2-amino-2-deoxyglucose 6.77 £ 0.27 )
| 4 2-amino—2-deoxygalac;ose . Il 11.94 + 0.21
lipid A ' 9.59 + 0.91 ,
‘'« 2-amino-2-deoxyglucose ‘ : 1.34 ¢ 0.13 -
2-keto-3-deoxyoctulosonic acid . trace
protein - 1.0 0.1 .
‘ phaosphate 1 3.0 *+0.3
ash - 19.2 + 0.2 ,
4his component was tentatively identified as 2-amino~2 ,6~dideoxy-

glucose (quinovosamine).
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the phenol-sulfuric acid procedure and "gave a positive reaction.
However, Aeuttal carbohydrate was not detected when the lipid A was
analyzed by gas-liquid chromatography. Total amino sugar, as deter-
mined by a modified Elson-Morgan, showed that the LPS consisted of

a slightly higher pe;centage of total hexosamine than total hexose.
The monosaccharides were identifiéd and quantitated by gas-liquid
chromatography of the corresponding alditol acetate derivatives ag
discussed previously. The dominant monosaccharide was 2-amino-2-
deoxygalactose which along with 2—amino:2-deoxyglucose, galactosge,
and glucose composed the majority of the LPS. Unkﬁown 1 was tenta-
tively identified as 2-amino-2 ,6~dideoxyglucose (quinovosamine) by
Dr. M.B. Perry (personal communication) using gas-liquid chromato-
graphy ;nd ion exchange chromatography. Unknown 1 was found to be
extremely stable to acid while unknown 2 was acid labile. O'Leary
et al. (1972) discoveréd two unknown monosaccharides in the LPS from
this bacterium and tentatively identified them as quinovosamine and '
a 4-amino sugar. The 4-amino sugars are known to be exttemely acid
labile (see review by Lﬁderiéz and co-workers, 1966). Since there
were not any standards avallable for these two sugars and due to the
fact that 0'Leary used descending paper chromatography, these results
cannot be correlated with the gas-liquid chromatographic data.

There is also some discrepancy between these results and those obtained

by O'Leary and co-workers for the quantitation of the other monosac—
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saccharides are known to undergo alterations in the concentrations
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charides. Several factors should be noted: (1) 0'Leary et al. ex-
stracted LPS from a mixture of the marine pseudomonad variants
because they had not been distinguished at that time (Gow et al.,

1973). This study used a pure culture of variamnt 3. (ii) Lipopoly- ° p

of some components with changing cultural conditions (McDonald and

Adams, 197] and Frasch et al., 1976). These analyses were'performed

on fermenter grown cells rather than on batch cultures.

Lipid A, isolated following the mild acid hydrolysis of LPS,

was quantitated by drying to constant weight. It was soluble in .

%
g
#

x
%
-

T2 g R

CHC13-CH30H (2:1) but not in CHClz. Hydrolysis of the lipid A dem-

onstrated that 2-amino-2-deoxyglucose was the only carbohydrate

L~

component. The fatty acids were identified as mainly Cl2.and C13
r

with lower concentrations of C10, €12 and Cl4 hyaioxy fatty acids
(C. Deneke, personal communication). Only a trace amount of KDO,
usually less than 0.1%, could be detected by the thiobarbituric acid

assay. The assay itself was very unreliable as already stated by

o

Drége et al. (1970). A small amount of contaminating protein was
detected, by the Lowry procedure, ags well as a low concentration of
organic phosphate. No inorganic pbosphate was detected. A high ash

component was prefent and was detected following combustion of the

- LPS. The quantitative data for lipid A and noncarbohydrate compon-

ents agreed with thap reported previously by O'Leary et al. (1972).
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Approximately 20 to’' 30Z of the LPS could not be accounted for,
whitih apparently is a common problem in LPS research (Nowotny, 1971).
It was decided to examine the preparation for the presence of con-
taminating nucleic acids even though the LPS was treated with nucle-
ases. The LPS, dispersed in distilléd water with the help of gentle
heatiq# at 37 C, yielded a broad absorption peak at 255 nm which did
compare with an aqueous suspension of RNA which exhibited an absorp-
tion maximum at 260 nm. Also, there was no absorption peak observed
at 280 nm which discounted the presence of large amounts of contam—
inating pro‘tein«(figure 10): Yet, an unknown component still contri-
buted ultravic.;let absorption at 25‘5 nm since purified LPS should not
demonstrate any absorption maxima in the 210-300 nm region of the
ultraviolet spectrum (John:(;n et al., 1975). Lipopolysaccharide was
dispersed in 0.1% Tritt;n X~100 and demonstrated a skewed peak again
with a maximm absorbance at approximately 255 nm anfl a shoulder
between 240 and 245 n;n (figure 11). Lipid A alone, dispersed in 0.1%
Triton X-100, absorbed ultrayiolet light over the same wavelength .
range as the LPS but a shift was 'observed with the major peak now at
241 nm and a shoulder at 255 nm. When the LPS was read against the
lipid A as a blank the 241 nm peak was lost with only the 255 nm peak
remaining. Therefore, there are two LPS c’ontaminants, other than
nucieic acid or protein, one of which can be attributdd to the lipid
A portion and the other can be localized in both the 1lipid A and

degraded polysaccharide. !
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Pig. 10, “Ultraviolet absorption scan of the marine pseudo-
| monad LPS. ’
Curvesl, an aqueous suspension of LPS (550
ug/ml), curve 2, an aqueous suspension of yeast RNA

(160 ug/ml) and curve 3 represents the distilled

water baseline.
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Fig. 11.

R LR - e

v

Ultraviolet absorption scan of LPS dispersed in the (

nonionic detergent, Triton X~100. p
éutve 1 consists-of lipid A in 0.17 Triton X—lOOL
(250 ug/ml) and curve 2 represents LPS in 0:12 Triton
‘ X—lOOn(BOQ pg/ml). In curve 3, the‘LfS sample was .
read against the lipid A preparation as a blank. The

Triton X-100 baseline 1s represented by curve 4.
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General structure - ®
It was advantageous to gain information concerning the general

form (the%presence or absence of an O-antigen side chain) of the

37 Bl A,

martné ﬁéeudomonad LPS. The LPS was hygrolyzed in 12 acetic acid
and separated into 1ipid A and degraded polysaccharide. The degraded
polysaccharide portion was dissolved in pyridinium acetate buffer

(pH 5.4) and ‘applied to a Sephadex G-50 gel filtration column. The
sample was eluted in the same buffer and the effluent was monitored
for the presence of total neutral carbohydrate. Two peaks were

i
obtained, one eluted near the void volume and the second within the

x Fomye

included volume of the column (figure 12). It appeared that there

/
may be some very low molecular weight material eluting just behind

“ g

1
i

the second carbohydrate peak, Chromatography of the degraded poly- e
saccharide on Sephadex G-25 showed that the low molecular weight -
peak tailed slightly fndicating the presence of some very light
material (figure 13). This material could be monosaccharides or
carbo; fragments that were liberated during hydrolysis., Schmidt et
al, (1969) established that two carbohydrate peaks were extracted
from E. coli when chromatographed on Sephadex G-50 under the condi-
tions used to obtain the results shown‘in Figure 12, The higher
molecular weight peak represented a core-side chain fractlon and the
lighter peak consisted of core alone.- Lipopolysaccharides which do

!

not contain a side chain give rise to a single low molecular weight

reak. Thus, the results in figure 12 support the conclusion that

i
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Fig. 12.

Bt ’ -
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Detection of core and core-side chain fractions by Sepha-
N\

dex Q—SO gel filtration of the degraded polysaccharide

pox:t::lon of the mar.['inef pseudomonad LPS. . ,
QDegradeci’ polysacchar:lde’ Q1 g;g/ml) was chromatographed
in pyridinium acetate buffer (pH 5.4). The column effluent
was assayed for neutral carbohydrate, 0—-0 and the void
volume of the <‘:ol\umn was determined with 0.2X blue dextran
) !
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|
Fig. 13. Gel filtration of degraded polysaccharide on Sepha- °

dex G-25. . - )
The experimental conditions were the same as . N
those descrfbed for figure 12. Total neutral carbo-

hydrate 0=——0. Blue dextran 6-—-.’.

1
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the LPS isolated from the marine p;eudomonad contains both a core
and side chain. Additional support for the results indicating Ehat
the marine pseudomonad LPS contained an O-antigenic side chain |
stemmed from the observation that LPS cohld not be extracted érom
this variant with the phenol-chloroform—petroleum ether extraction

procedure of Galanos and co-workers (1969). These workers found

'
i

that lipopolysaccharides that contain O-antigens cannot be extracted

i

by this method. -

Localization )

Nelson and Macleod (submitted for publication) demonstrated,
immunologically, the preéeuce of LPS in the cell wall layers of the
marine pseudoqonad. Efforts were also made to demonstrate the
presence of LPS chemically by analyzing for Kpd and hébtosevin the cell
wall layers. The amounts of these compounds present in LPS isolated
from the marine pseudomonad are very low and when attempts were made
to determine quantitatively the amounts of LPS in thé wall 1ayeés
based on the ambunt of KDO present discrepancies resulted. To re-ex-
amine these observations, LPS and the cell wall layers igsolated from
the marine pseudomonad were assa&ed for KDO and scanned for the
presence of an absorption peak at 545 nm. . Under these assay condi-
tions a KDO peak was barely detectable in LPS and not detectable in

the cell wall layers (figure 14). The heptose assay did not consti-

tute much of an improvement over the KDO procedure since there were
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Fig. 14.

Detection of KDO in LPS and the cell yall layers of
the marine pseudomonad by scanning wavelength spec~
* trophotometry following the thiobarbituric acid
assay.
quve 1, LPS; curve 2, looseg.y bound outer
'layer; curve 3, outer double-track and curve 4,
periplasmic layer. In each case 1 mg of material
was assayed. The absorbance maximum of KDO is 549

nm, \
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no detectable absorption peaks at the maximum wavelength of 505 nm

)

(figure 15). The results supported Nelson's earlier observations
which indicated that KDO and heptose could not be used as LPS indi-
cators in the cell wall layers because of their low concentrations

and the lack of reproducibility of the analytical results obtained.

/

The carbocyanin dye procedure gave an improved method of LPS

)

detection in the cell wall layers as seen in figure 16, however,

this procedure was not quantitative, as was described previously.

The spectral shift to a lower wavelength was observed with each of
the cell wall layers with a slight differénce among the actual wave-
length maxima. -There was also the presence of large absorption
peaks at'the higher wavelengths which was to be expected since the
wall layers contained protein and lipid in addition to the LPS. The
material released: into the growth medium also contained some LPS

while the cytoplasmic membrane either failed to demonstrate any LPS

or showed only a trace. s /

—
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Fig. 15.
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Detection of heptose in LPS and the cell wall layers

by scanning wavelength spe¢trophotoqet;ry.

Curve 1, LPS; curve 2, loosely bound outer layer;
curve 3, ¢out:er double-track; curve 4, periplasmic- lay-
er; and curve 5, D-~glucoheptose (50 ug). The heptose

assay was conducted on 1 mg of each of the other samples.

The absorbance maximum of heptose 1is 505 nm,
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I Figs 16.

L4

\

i

Loc\alization of LPS in the‘ecell v;all layers and \in
thé material rel)eased into the growth medium using
the carbocyanin dye procedure.

_The aamples‘were reacted with ‘the ca;bocyanin
dye ;ﬁd scanned to observe the shift in absorbance
maximum. Scan 1, 20 ug loosely bo\mq outer ;ayer;
scan 2, 100 uyg outer double-track; scan 3, 100 ug
\
pe;‘iplasmic layer; scan 4, 100 ug cytoplasmic mem—-

brane; scan 5, 100 ug material from growth medium;

and scan 6, dye reagent. !
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. S$ECTION. II

% s . .

ﬁ HETEROGENEITY OF WHOLE CELL LIPOPOLYSACCHARIDE
i

< Method for the determination of heterogenezty

. The whole cell LPS, e;tracted from the marine pseudomonad and
% purified, was us[d for studies on LPS heterogeneity. Heterogeneity
was examined using SDS-polyacrylamide gel electrophoresis which em-
pl?yed a buffer consisting of 0705 M Na,HPO,, - 0.63 M NapMoO, - 1%
SDS. Tﬁie buffer was a modific;tion of that usgd by Shapiro et al.

(1967) for the separation of polypeptide chains. It 1s well known

that monosaccharides can be separated in an electric field in the

presence of a buffer containing borate, molybdate or stannate (see

reviews by Foster, 1957; Weigel, 1963 and Zittle, 1951). Migration ]
is the result of complex formation between these anions and free

hydroxyl groups on the carbohydrate and, Egp this reason, sodium

molybdate was included in éhe electrophoresis buffer. Mbdifications

of this buffer were examined: (i) to justify the presence of the

individual buffer components and (ii) to determine the eff;ct of the

components on the electfophoretic mobility of the LPS.

Polyacrylamide gels that contained LPS samples were fixed and
stained according to the procedure outlined in Table 6. This proce-
dure was developed from that used by Zacharius and co-workers (1969).

for the staining of glycoproteins. It was discovered that if the

T Liarrigo T ™ R T ] =
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"TABLE 6.

Periodate-Schiff procedure used to stain lipopolysaccharides

Step? Time

1. Fix gels in 20 ml 12X trichloracetic
acid in 50% methanol 1 h or overnight

2. Rinse in distilled water N

3. Immerse gels in 20 ml 1X periodate
in 37 acetic acid 3h

4, Wash six times in 200 ml distilled .
water 10 min/wash

5. Immerse in 20 ml Schiff reagent in
the dark 2h

6. Wash gels three times in 50 ml
freshly prepared 0.52 sodium
metab:l7f ite 10 min/wash

!

7. Destain £els in 100 ml 7.5% acetic
' acid at 30 C with constant shaking overnight

8. Store gels in 7.5% acetic acid '

a1l procedures are carried out at room temperature unless
otherwise noted,

-+
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127 trichloroacetic acid was made up in 50Z methanol more efficient
fixation was achieved with complete fixation occurring in as short

a period of time as 1 h. It was\also found that maximum periodat7
oxidation did not occur until aftef)B h and that thé staining time

had to be ‘extended to 2 h. Due to the presence of SDS in the gels,
destaining could not be performed in distilled water without dis-
coloration of thelgel. Instead 7.5% acetic acid was used for destain-

ing the gels. Desataining could be completed overnight if constant

mixing at an elevated temperature (37 C) was used.

Electrophoresis of the marine pseudomonad LPS extracted from
variant 3 is shown in figure 17A. The LPS separated into three car-
bohydrate stainiqggbands which were designated LPS I, II and III, as
a matter of conQenience, in order of incre;sing electrophoretic
mobility. When compared to LPS extracted from variant 1 of the
marine pseudomonad there did not appear to be any difference in the

%arbohydrate bands (figure 17B). It must be

location or number of
pointed out that the variants are distinguished on the basis of col-
ony morphology (Gow et al., 1973). {Escherichia coli and Salmonella
typhimurium lipopolysaccharides, after SDS-polyacrylamide gel elec-
trophofésis, gseparated into two and three carbohydrate staining
bands, respectively (figure 17C and 17D). The LPS from Neisseria

meningitidie gave only a single homogeneous band which migrated at

the position of the lowest carbohydrate band found in the other
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Fig. 17. Polyacrylamide gel electrophoresis of lipopolysaccharides

extracted from various Gram-negative bacteria.
Electrophoresis was performed for 5 hﬂat;S mA/;;I in g

0.05 M NagHPO, - 0.05 M NasMoOy - 1% SDS buffer. The gels

were 57 acrylamide and samples were electrophoresed towards

the anode., LPS was detected by staining with the Sch£ff

reagent after periodate oxidation. Gél A, marine psemdo- _

monad (var. 3); gel B, marine pseudomonad (var. 1); gel

C, E. coli; gel D,‘S.‘typhimurium; Gel‘ﬁz P, aeruginosa

and gel F, N. meningitidis. The amounts of LPS applied to

the gels were: A and B, 207 pg; C, D, and F, 322 pg; and

E, 338 ug.
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' ' . I
bacterial lipopolysaccharides (figure 17F). Pseudomonas aeruginosa
LPS (Pigure 17E) repeatedly failed to stain clearly even when as

much as 0.5 mg were applied to the gel. It is possible that this is

due to f.he presence in the organism of LPS which is highly branched.

i
ot

An IPS which 1ig8 highly branched would not be oxidized completely by ‘

2t Bl
S
,

PR 3G )
B

periodate due to the lack of adjacent free hydroxyl groups in the
molecile and, consequently, will not bind the stain. A faint band . ’
can be seen, however, at the position of the lowest hands in the

other LPS gels. '

Characterization'of [14C)radiolabeled lipopolysaccharide for use

o AR Fweasi e

in heterogeneity studies

Sodium dodecyl sulfate-polyacrylamide gel e‘lectrophoresis was
also performed on LPS labeled by growing variant 3'in the presence of
[1%C)galactose., Figure 18 shows the separatinn of the [!“C]LPS com-
ponents in the 0.05 M NajsHPO,— 0.05 M NasMoOy — 1% SDS electrophoresis
buffer. The radiolabeled LPS was also stained for carbohydrate with
the Schiff reagent after elect:rpphores;s and the stained bands were
compared with the radioactive profile and correspondedﬂ exactly. This
gave two sgeparate methods of detection of the LPS components, thus
confirming ‘the heterogeneity of aqueous phenol extracted LPS from the
’matine pseudomonad. Comparison of both methods also indicate;i that
the’x"e was no selective staining of one or several of the LPS compon-\

ents by the Schiff reagent or specific labeling by [l*Clgalactose.

\
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Fig. 18,

Fa

Separation of [!%C]labeled LPS components by SDS-poly-
‘ |

acrylamide gel electrophoresis.

» The electrophorégis buffer éonsisted of 0.05 M
Na2lPO, - 0.05 M NayMoO, - 1Z SDS. The gel, was frac-
tionated aﬂh counted for radioactivity with each frac-
tion equivalent to 1 mm of gé&. Electrophoresis time

was 5 h at 5 mA/gel.
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Usually 80 to 95%- of the [!*C]LPS was recovered from the polyacryla-

mide gels. \ :

The marine pseudomonad LPS could not be radiolabeled specifically
because of unsuccessfil attempts to ;solate a proper mutant. Mutants
were needed that lacked one of the specific tranaferase enzymes in-
volved in core elongation during LPS‘biosynthesis (Nikaido, 1962).
During attempts to isolatg LPS deficient mutants, several problems
became immediately evident. It was not known (1) 1if the LPS biosyn-
thetic eLzymes in the marine pseudomonad were the same as those char-
acterized only inw%. coli and S.typhimuriwm, and (11i) how to selec-
tively screen for such a mutant in the marine pseQdomonad. Sgyeral
attempts to isolate mutants were made using ultraviolet 1r%adiated
cells, picking the minute colonies and replica plgting onto succinate
defined gedipm with and without galactose. Again, -it was assumed
that the marine pseudomonad might behave similarly to E. coli and s.
typhimuriwn in that a mutant cell containing a defective LPS would
grow without galactose but if galactose was present UDP—galactosE
would accumulate and after one or two generations the cells would lyse
(Fukasawa and Nikaido, 1961). Al; colonies that were aelectéd grew

at an increased rate in the presence of galactose and never lysed.
‘ Q
* It was already known that the LPS in variant 3 could be radio-

labeled so it was decided to examine the disposition of the labeling.

Lipopolysaccharide, labeled with [1*C].by adding [1“C]galactose during
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growth of the cells, was hydrolyzed to release lipid A and degraded
polysaccharide. The fractions were separated, dried to constant

-

weight, and thelr specific activities were determined (Table 7).

There was approximately a ten-f81d difference between the specific .

activities of the degraded polysaccharide and the 1lipid A por;ions

. of the LPS molecule. The lipid A was hydrol;zeqﬂand separated into
carbohydrate (water soluble) and fatty acid (petroleum ether soluble)
fractions. Practically all of the label was discovered in the water

soluble portion. Descending paper chromatography of the water phase
4
. demonstrated that 2-amino-2-deoxyglucose was tbe primary carbohydrate -
component and that most of the label was in this monosaccharide

(figure 19). ’v

Hydrolysis and chromatography of the degraded polysaccharide
B I'
portion of the LPS molecule showed that most.of the label was imn

2—am1no~2—déoxyga1actose, 2-amino-2-deoxyglucose, and galactose with

\

. the remainder spread throughout the other monosaccharides (figure
20). This was the best separation that could bE;obtained on one chrom-
atogram due to the presence of both hexosamines andhexoses in the same
sample; thus, the overlapping of éhe label. Unlabeled degraded poly-
saccharide was also hydroly;ed and chromatographed (figure 21). The *
overlapping of the degraded polysaccharide carbohydrate components
was more evident in this chromatogram. The degraded polysaccharide

was hydrolyzed under conditions which favored tpe release of both

)
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TABLR 7. '

Spectfic activity of the marine paeudamonad whole cell

lipopolysaccharide® : A
Compound or fraction Specific activity % of total CPM N
(CPM/mg) T
" 1PS . 2,98 x 105
N ) X
Degraded polysaccharide 2,40 x 105
‘ ° ., . . / ?\
Lipid AP 2.20 x 10" : - e
Water phage . . 99,3
®
Petroleum ether phase ° © ‘ T 0.7
~ . . | & \ N
£ . .

\ °

%The ‘cells were labeled with [1*c]lgalactose and the LPS was
extracted and purified.

bThe 1ipid A was hydrolyzed in 4 N HC1l for 4 h and then phased
with petroleum ether. The water phase contained the carbohy-
drate components and the ether phase contained the fatty acids.’
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. \
, Fig. 19. Distribution of [?“C]labeled carbohydrate components inl

the lipid A portion of the LPS molecule as demonstrated
by descending paper chromatography.
\ The hydrolyze, C]lipid A vas chromatographed in “

P
. ethylacetate-pyridine-water (120 : 50 :-40) for 20 h at

room temperature, Standards were detected by spraying ’ \
with ninhydrin. Spots 1 and 2 represent 2-amino-2-deoxy-
- galactose and 2-amino~2-déoxyglucose, regpectively. ‘

. Each fraction of the chromatogram consists of a 1.5 cm?

square which was counted for radioactivity. The radio- “

labeled profile was compared to the positions of the

standard hexosamines.
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Fig. 20. Distributfon of [l1"C]labeled’ carbohydrate components in
the degraded polysaccharide portion of the LPS molecule
as demonstrated by desceﬁding paper chromatography.

; Experimental conditions were the same as in f;gure
19, except that analine phthalate waé used. in addition
to ninhydrin for the det;ction of monosaccharide stan-
dards. Spot 1, 2-amino-2-deoxygalactose; spot 2, 2-

amino—2-deoxyé1ucose; spot 3, galactose and spot 4, glucose.
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b,
: Fig. 21. Separation of LPS carbohydrate componentsg by descending *
’ paper chromatography. . s
Experimental conditions were the same as those in
i i flgure 20. The samples that were applied were: 1, glu- K
\ ;:ose; 2, galactose; 3, 5 mg degraded polysaccharide
(hydrolyzed in 0.5 N HC1 for 30 min); 4, 5.3 mg degraded ™
polysaccharide (hydrolyzed in 1 N HCl for 1 h); 5, 2~
amino-2-deoxygalactose and 6, 2-amino-2-deoxyglucose.
Chromatogram A was spraye& with analine phthalate and
chromatogram B with ninhydrin. | > R
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97 .

neutral and amino sugars, consequently, two samples were chromato-

graphed. The chromatogram was divided and one half was sprayed with )

- analine phthalate in order to detect neutral carbohydrates (figure
21A) while the other half was sprayed with ninhydrin to detect amino
sugar& (figure 21B). Therefore, the degraded polysaccharide consis-

ted of those components that were detected in both samples 3 and 4 I

e,
gi
|
¢
:
:

on the chromatogram. Even though the sugars were, separable they ’ 3
tended to streak together. What these experiments do demonstrate,
however, is that the LPS was extensively labeled in the polysacchar-—,

ide chain and in the carbohydrate portion of the 1lipid A.

Factors affecting the separation and electrophoretic mobility

1

of the lipopolysacecharide components . °

The migration of the LPS samples, in variations of the electro-
. " phoresis buffer, was examined in order to determine those factors - C g
responsible for LPS mobility. Substituting 0.05 ¥ Tris for NapHPO, . ! !

in the original electrophoresis buffer did not alter the migration . ;

patterns that were shown in figure 17. The migration patterns of the

v

lipopolysaccharides when electrophoresed in a bu?fer in which 0.05 M s 3

Tris replaced both Na HPO,and Na,Mo0, are shown in figure 22. The

2
//i normal banding patterns occurred, but LPS remained on the surface of
the gel in all cases suggesting that although the Na,MoO, was not

the primary factor involved in the electrophoresis of LPS it did con~-

tribute to the complete migration.
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Fig., 22,

‘

Electrophoretic mobility of various lipopolysaccharides
upon polyacrylamide gel electrol;horesis in a buffer con~

taining 0.05 M'Tris - 1% SDS. |
Electrophoresis time was 2 h and 45 min at 5 mA/
gel. Lipopolysaccharides were detected with the Schiff
reagent, Gel A, marinejpseudomonad (var. 3); gel B,!
marine pseudomonad (var. 1); gel C, E. coli; gel D, S.
typhimurium; gel E, P. aeruginosa; and gel F, N. meniri-
gitidis. The amounts of LPS applied to the gels weré:

A, C, Dand F, 300 ug; B, 200 ug; and E, 550 ug.
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" * To examine the contribution that SDS makes to the electrophqre~
gis of t;he li[‘opolysaccharides, the nonionic detergent, Triton X-100

was used in place of SDS in the electropﬁoresis brffer and the solu-
bilizing solution. The cohcentration of Triton used was 0.1Z since ~ ‘

- at 1% the Triton precipitated éuring the fixqation and staining,proce-
dures. A Triton corxcentra.tion of :0.1% was enough for confple;:e golu‘l
bilizat:ion of the LPS. It should He noted that the separation of the

LPS components by electrophoresis could be achieved in 0.1Z SDS with-

out any changes in the migration pattern’. However, since greater

L4

amounts of LPS could be solubilized in 1% SDS, a necessary requirement L
for preparative gels," it was decided to remain with this concentratien\!
of SDS in the analytical gel system as well. Figure®23 show;s that

there was no separation of the LPS components following electrophore-
\ o * LY,
sis in the Triton X-100 buffer. The N. meningitidis LPS was the only _

- sample that completely entered the gel and remained as a single homo~

. geneous band 1n a manner simllar to that when electrophoresig was per-'

{ .
' formed in the "sps buffer. o ©

.
A v
I 9

& .
© The lipopolysaccharides that were extracted from the various bac- ’
l ) : ' .
teria éon\tgined amall amounts of coqtamivnating protein (Table 8) The -
' \ -

- electr{:ophotetic mobility of the LPS was not due' to or affected by the
P ‘ migration of the protein because different batches gf LPS extracted
\ * » ¥

_from the marine pseudomonad contained varying concentrations of pro-

. . A
*  tein yet the migration distances of the LPS components in these samplis
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£ Fig. 23.' Electrophoretic mobility of various lipopolysacchariles
" solubilized and electrophoresed in a buffer containing
Triton X-100. ‘
The electrophoresis buffer was composed of 0.05 M
‘ NaHPOy - 0.05 M NapMoOy - 0.17 Triton X-100. The time
[]
Y
of electrophoresis was 5 h at 5 mA/gel. Samples were
X fthe same as those used 1in figure 22. 'The concentratioms
of LPS applied to each gel were: A, 200 ug; B, C, D,
\ o " and ¥, 300 ug and-E, 500 ug. o
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r TABLE 8.

N i

Protein concentrations of lipopolysaccharides extracted with phenol-

N water from various Gram-negative bacteria
3 Bacteria v Protein as X dry weight of LPS
: :
i \
f - \ i;;‘?; 1
4 ’ Marine pseudomonad (variant 3) 2.7 ;
[
p Marine pseudomonad (variant 1) 2.8 ’
Escherichia coli 0111:B4 ' 4.6
\ ‘ Salmonella typhimumium LT2 . 4.5 ‘
y
Pseudomonas aeruginosa 2.0

- . Neigseria meningitidis 3.3




) - Aoz |

~

remained the same. Locating the peptide bands in the LPS gels was

difficult because of the low concentrations of protein in the LPS

v samples. The, gels had to be heavily overloaded with s;mple in order
L . " to apply enough protein for its detection by staining and even under
these conditions localization of the peptide bands was not definitive
(figure 24).‘ In Ahdition, the electrophoresis buffer used in this
system for carbohydrate samples resulted in diffuse peptlide bands &
because of the improper pH gf the buffer for use with protein samples

el

i and the fact that stacking gels were not used. ¢
\ A3

4 1
A detergent had to'be included in the electrophoresis buffer and

ik

corregponding solubilization mixture in ?rdef to disperse the hyéro-
phobic lipopolysaccharides. It waqffound that heating the LPS in the

presence of a detergent in a boiling water bath was not essential for %

solubilization. Mechanically shaking the LPS sample in the solubiliza- !

tion solution for several hours at room temperature yielded a clear ! «

.

» hl

suspension which, when compared to a sample heated in a boiling water

bath for 5 to 10 min exhibited an identical electrophoretic pattern
1 !

(fiéﬁre 25)., Various heating times hlso failed to alter the banding
pattern of the LPS and thus did not present the same problem as re-

. AN
. ported by Schnaitman (1973) for protein solubilizatiom. .

N ,
Since it was established that SDS was responsible for the elec-
trophorbtic mobility of the LPS the most likely site of SDS binding

"to the molecule was the 1lipid A. With this observation in mind, the

| X
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- Fig. 24. Presence of protein contamination in lipopolysaccharides

- extracted/from several Gram-negative.bacteria as deter-

mined by SDS-polyacrylamide gel electrophoresis.
;. : The lipopolysaccharides were electrophoresed in the '

5 0.05 M Na HPO, - 0.05 M Na MO, - 1% SDS buffer and the
{
7

gels were stained either with the Schiff reagent for car- ‘
’ Y “ bohydrate or Coomassie Brilliant Blue for protein. Gels

a and b contain LPS extracted from variant 3 of the mar-
ine pseudomonad and are stained for carbohydrate and pro-

tein, respectively. Gels c and d contain S. typhimurium

T TR 9

LPS. Gel c is stained for carbohydrate while gel d 1is

stained for protein. Gels e and f contain E. coli LPS

S ek WA 1,

and are stained for carbohydrate and ﬁroteiﬁ, respectively.
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Fig. 25. Effect of varying the c;nditions used in the solubili-
zatiorn of LPS for SDS-polyacrylamide gel electrophose-
sis.

} Gel A, LPS solubilized by heating in a boiling water
\ bath fpr\S to 10 min and gel B, LPS‘solubilized by mech-

anical agitation at room temperature for 2 h.
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e
lipid A and degraded polysaccharide portions of the marine pseuéomonad ’//////
LPS molecule were isolated and examined in the gel electrophoresis L
system. Lipid A will not stain with the Schiff reagent consequently
[1%C] labeled LPS was used in the study. The LPS was subjected to
mild acid hydrolysis and éﬁe 1ipid A and degraded polysaccharide frac-
tions were separated by centrifugation and solubilized. Sodium do-

decyl sulfate-polyacrylamide gel electropﬁbresis of the fractions in e

0.05 M Na,HPO,~ 0.05 M Na,MoO, — 1% SDS gave the profiles illustrated

f

in figu?e 26. The degraded-polysaccharide fraction migrated as a

{

broad peak which did not- completely enter thé gel (figure 26A). Only ’
69Z of the¢degraded polysaccharide could be recovered in the gel. "Two
radiolabeled peaks were discovered following electrophoresis of the
lipid A preparation (figure 26B). One of these peaks was founioat
the surface of the gel; thus, it had migrated to the same positi?n as
" the degraded polysaccharide peak in figure 26 A, The other radiola-
beled peak, in the 1lipid A preparation, migrated well into the gel.
It would appear that the lipid A is represented by the peak which
has th& faster migration rate and that the preparation is contgminated 0
with degraded polysaccharide. Figure 26C is the whole cell LPS con-
trol showing the relationship of -the electrgphoretlc mobilities of
the three LPé compoéents to that of the 1ipid A. The 1lipid A peak
migrated t; the same position as that of LPS III, héwewer, gas-liquid

\ )

chromatographic analyses showed that these fractions were not similar

~
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Fig. 26. Electrorhoretic mobility of the lipid A and degraded
¢ " polysaccharide portions of the LPS molecule.( .? , P
Lipopolysaccharidehlabeled with [l“C], was hydro- -
lyzed in 1z acetic acid and separated into lipid A and 1

degraded polysaccharide by centr}fugation. Gel profile
&, [c]degraded polysacchauqe profile B, [l“c]upid -
" A preparatj.;n and Profile ‘C, mihydrolyze& LPS control. . .

‘ Lipid A and degraded polysaccharide are designated LA

v . -

5% .z:,.: T
ks

«' .
. ~ and DP, respectively. “‘;#
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. ' in composition (see Results, Section III). The results emphasize

L]

- that the lipid A component of the LPS molecule is the causative agent
'

\

R i

in LPS migration because once the 1ipid A is removed from the mole-
. |

cule migration is severely retarded. This information strongly

(
. supported the existence of a 1ipid A - SDS complex in the SDS-poly-

acrylamide gel system.' The role of 1lipid A in LPS migration compli-

B

SN v e ———

. cates the interpretaéion of the molecular size of the LPS components : l

s  Since the migration\distance of each component is a function of both'

molecular size and amount of lipid A. , .

)
i

SERE AT Lt
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. SECTION III

'“ CHARACTERIZATION OF THE LIPOPOLYSACCHARIDE COMPONENTS

- 1

i w ".Isolation

P

N

Marine pseudomonad LPS, 1.5 mg/gel was electrophoresed in 0.05

! M NasHPO, - 0.05 M NajyMoO, - 1Z SDS. One gel was stained by the
, . - . |

periodate-Schiff procedure as a guide for locating the bands (fig- "
; , | {

ure 17). The remaining gels were gsectioned between bands by cutting

the géls?fith a razor blade. The corresponding gel sections were

g

- ]
/ centrifuged at 12,000 x g (Sorvall SS5-34 rotor) for 15 min to remove .

acrylamide and the sypernatant fluids were dialyzed against distilléd

Y
2

water containing 0.027 sodium azide for 48 h at room temperature. The
dialysates were concentrated and lyophilized. (The LPS bands that
were isolated from the preparative gels were indi%iduallyrresolubil—

Rl

ized in the SDS solubilizing solution by heating for 5 to 10 min. Each

¥
'
- BBt

PP

-

LPS band was electrophoresed on separate analytical ggls and figure

- &

28 1llustrates that the resolubilized components maintainedftheir

homogeneity and could be isolated in the intact and pure sJéte. The

AT 5 S A

main prq?lem with the procedure was that the recovery of the LPS was -
only' 50 to 60%. ' " /
) ‘ L
" Chemical composgition
' . Detailed carbohydrate analysis of LPS I, II and ITI was necess-

N »

ary to establish that these components were ‘actual molecular speciles

[l \ [\

« . (
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Separatiop of the marine pseudémonad LPS components on
preparative polyacrylamide ‘gels. J
° Lipopolysaccharide (1.5 mg) was electrophoresed in
0.05 M Na,HPO, - 0.05 Na,MoO, ~ 1% SDS for 7 h at 10
mA/gel after which time the gel was stained by the per-

-

iodate-Schiff ﬁrocegure. ‘
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1
/ 1
) Fig. 28. Homogeneity of the isolated LPS-species as evidenced by
/i } . * re—electrophoresis on SDS-polyacrylamide gels.
3
4 [N B
% Each LPS species was isolated from the preparative
gqls and resolubilized. Gel A, whole cell LPS; gel B,
‘ LPS I; gel C, LPS 11 and gel D, LPS I1I. "Electrophore~
i . sis time was 3 h at 10 mA/gel.
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of LPS. Their carbohydrate compositions were compared to those of
. ¥ .

<

" LPS, core and core-side chain fractions of the molecule. Identifi-

cation and quantitation of the /carbohydrates were pe§formed in the.

\

same manner as for the wﬁole ell LPS. The retention times of the

derivatiyes prepared from the sugars that were found in the LPS com-

ponents were compared to thkose of the derivatives of the sugars in

7

the whole cell LPS and of /authentic standards. All conditions were
equalized by measuring tﬂe retention times as related to the reten-
tion time of D-glucoheptose hexaacetate. The relative refention
times,on both columns C and.D, are shown in Table 9. . T on;y‘major
diécrepancies occurred in the relative retention timeBAZf the deriva-
tives af.2-amino-2-deoxygalactose found ;n the core r giogiand in LPS
III compared to the standard. Co-chromatography demonstrated that
these peaks were the same sugar. The chrom;toéram of LPS I, II and
111, co;e and core—s#de chain on columms C and D Are illustrated in

7 ‘=

figures 29 and 30 respectively. ,The carbfhydrate compositions of the

LPS components, core and core-side chain fractions are listed in Table

4

10. The composition of whole cell LPS represents the concentration
of each sugar in a mixture of the three LPS components. The core frac-

tion from whole cell LPS lacked unknown 1 while both unknowndsdgars

?
£

1 and .2 were missing in LPS III." Since unknown sugar 1 wge present

in tﬁe core-side chain fraction; but not- fn the core alone, it can be
/

.
¢ clissified as a characteristic side chain component in the marine

pgeudomonad LPS. Lipopolysaccharides I and II contained low levels \

/ o

111

-



TABLE 9. /

Cumparzson of the retention times of the alditol acetates of the sugars fbom the marine pseudomonad lipo-
polysaccharide fractions and molecular species relative to D-glucoheptose hezaacetate®

RT Glucoheptose

Copound * VT3 cong , e
o .
- //ffiiEEQSé/ glucose giucose + unknown umknown  heptose Z—ami;o-‘ 2-amino-
‘ ) galactose I 2 - glucose- galactoge
derivatized . , ° . : ) .
standards 0.46 0.53, 0.49 B _— - 1.43 1.69
degraded - ) ' T . .
polysaccharide 0.43 0.51 0.50 0.56 0.64 0.92 1.45 1572
lipid A - - - - e 1.45 .
core 0.43 0.50 0.50 r— 0.64  0.90 1.44 1.77
core-side chain 0.43 0.50 0.50 0.56 ° 0.65 0.90: 1.4@ - -L.70
T1p§ 1 0.43 . 0.50 0.50 0.5  0.64 091  1.45 171 -
LPS 1II . 0.43  0.51 0.50 0.56 0.64 0.91 1.45 1.7
LPS- III 0.43 r 0.51 0.50 - - 0.90° +  1.44 1.77°

aD-~glucoheptose hexaacetate = 1,00,
Actual retention times of D—glucoheptose hexaacetate on 0V-275 and HI—EFF are 24.25 and 17 .50 min,

b

respectively.
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Fig. 29. Gas-liquid‘ chrm;atograp,hic s%vparation of theé mono-

/\ g .saccharides prese;\t in LPS I, II, I1I, core and core-
~r : .

()

o TP

T AP

side chain on the HI-EFF column. . . °
AN L4 ]
; - The alditol acetate derivatives were employed. -
o~Ne L ' : s,
\ gb/\:)iomatogram A, LPS I; B, LP§ II; C, LPS ITI; D, :
core aid E, core-side chain. The peaks were identi-
. ' fied as: 1, glucose and' galactose; 2, unknown 1(;
1 - b - ®
: 3, ur/xknown 2; 4, heptose; 5, internal standard; 6,
" 2~amino-2-deoxyglucose and 7, 2-amipo-2-deoxygalactose. ¥ |
o - © ” The colunm was operated at 230 C. Att. equals attenu-
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Fig. 30. Gas-liquid chromatographic separation of the monosac-
charides present in LPS I, II, iII, core and core-side
. chain on the 0V-275 column. 2
r The derivative that was used and the chromatographed
' ) material was the same as in figure 29. The peaks repre-
sent: 1, galactose; 2, glucose; 3, heptose and 4, in-

ternal standard. The remaining peaks were not identi-

s

fied. The columm was operated at 220 C.
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-TABLE 10. :

Carbohydrate analysis of lipopolysaccharide fractions and molecular species from the marine pseudomonad.

> 3

 mmaeim by 7 b £ b 2 Wbt A idedde A s 2l

- % of dry weight

Monosaccharide
LPS core core~side chain LPS I LPS II  LPS III
" glucose 4.64%0.52 1.00£0.02 7.11$0.32 - 0.44#0.03  6.80%0.16  0.65:0.40 i
' - *
: galactose 7.99+0.90 7.02:0.16 9.95:0.98 - 3.0420.38  6.71:0.45  1.97%1.07
heptose 3.0620.10 8.29:0.09 1.08:0.12 0.17:0.03  0.72:#0.02  1.67:0.86
unknown 1 1.710.03 o - 4.35£0.10 1.92:0.29  0.49:0.06 . 0 !
unknown 2., 1.36£0.09 0.64:0.03 ' 3.34:0.11 1.65:0.33  0.36:0.05 o - o
2-amino-2- ‘ i .
deoxyglucose 8.110.40 1.70%0.23 9.25£0.16 3.83:0.39  2.52:0.69  0.34:0.09 .\ -
- 2-amino~-2- , - v i
) deoxygalactose  11.94+0.21 ' 8.16+0.16 23.49%0.04 3.3320.50  10.3741.98  1.05:0.43

e
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of heptose and all the other monosaccharides thqt-were present in

whole cell LPS. The predominant monosaccharide in the core-side
(29 3

chain oligosaccharide was 2-amino-2-deoxygalactose. There was only .

i

6% total catbohydrate in LPS III and replicate analyses showed a
‘high degree of fluctuation in the monosaccharide concentrations as
evidenced by the large standard errors. This non-reproducibility

was a reflection of the small amount of LPS III that was present in

the whole cell LPS and available for analysis. |

The relati’fnship among LPS I, II and III could be examined more
&:eadily when the molar ratios of the carbohydrate compopents were
calculated (Table 11). There was an exact 1 : 1 : 1 molar ratio of
heptose, ga}actose, and 2-amino-2—deoxygala.ct e in the core region .

/ of the LPS. The ratio of the sugars in LPS III is remarkably simi- y
lar to that of g:he core region and thus appears to represent an LPS.
molecule in which the O-antigenic side chain has not been attached.’

The ratios o§ the sugars in LPS I and II are difficult to interpret.
Assuming that the core region is basically the same in LPS I and II,
+ as it 18 in L’PSiIII, and that there ?.s al: 1 ratio of core to
éide chain in eacl: LPS form, then, LPS I and II must differ from one
another in the composition of thelr O-antigenic side chains. The
aide chain of LPS I would be expected to be composed of galactose,
galactosamine, unknovm 1 and glucosamine while that of LPS II would

contain galactose, galactosamine and glucose. This conclusion was

reached because the monosaccharides contained in the side chain

' %:‘ . {
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Molar ratios q;?h*e carbohydrate components from the lipopolysaccharide fractions and molecular
. . _ L species - R . .
-
Monosaccharide ) . MoXar ratio
LPS LPST LPSII LPS III  core ' core-side chain
~ . - ~‘\u‘_m\\ - [
. i heptose 1.00 1.00 1.00 1.00 ~.1,00 1.00
unknown 12 0.:67 12.00 1.00 o o = 5.40
. glucose 1.73 72.00  12.67 0.50 0.15 7.80 .
galactose 2.93 17.00 12.33 1.38 1.00 11.00
2-amino-2-~ . »
’ deoxyglucose - - 2.53 -18.00 4.00 - 0.25 0.21 8.60
B - 2-amino~-2- ) )
deoxygalactose 3.67 15.00 16.00 . .. 0.63 0.97 — 21.80
- 8calculated as 2—§:nino-2,6-di'deoxyg1ucose.
\ - -
- ) T

~

{11
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repeating unjts would be in a much higher ratio ivhc;n compared with
the suga’rs in the core structura. However, structural analysis of
each ?f the LPS forms will be necéssary to confirm these conclusions. /
In order to carry out structural /analyses a more efficie;lt ﬁethod
of preparative isolation of the LPS components is needed. To date

no satisfactory method of isolation has been found,

It was difficult to establish the existenle of ligid A in each
of the LPS species because not enough of each species could be obtained

to ensble lipid A to be 'igolated and analyzed by,gas-1iquid chroma~

" tography. It has\ already been showm that the lipid A as well as the

degraded polysaccharide fraction of the LPS 1ncorpt?rated radioactivity

when the cells of the marine pseudomonad were:labeled by growing the

F.I \
" cells in the presence of [1“C]ga}acto§e. Consequently, the cells were

labeled, the LPS was extracted, and the LPS species were isolated by
procedures already described. The individual species were then hydro-
lyzed in 1% acetic acid and the hydtcllysates were lyophilized. The
concentrated samples were solubilized, run on SDS"-polyacrylamide gels
In the 0.05 M NagHPO, - 0.05 M NaMoOy - 17 SDS buffer and the gels
were fractiongted and counted. Figure 31 shows the gel profiles of
the hydrolyzed LPS species, lipid A and degraded polysaccharide.

Lipid A was detected as the 16wer radiolabeled peak following electro-
phoresis of the lipid A precipitate from the mild acid hydrolysis of
the LPS. There vas conslderable contamination of the lipid A m;terial

with degraded polysaccharide which was easily identifiable as a char-
|
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Polyacrylamide gel electrophoreaislaa a method of detect-~

+

ing 1ipid A in the LPS species.

Profile A, LPS III; B, LPS II; C, LPS I; D, lipid

A (LA); and E, degraded polysaccharide (DP). Each frac-

tion represents 1 mm ofthe gel. The insert in profile C
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repredents an expandea scale for the iadioactivity in

fractions 20-50. :
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acteristic peak at the surface of the gel (see Results section II).

The lowest peak in the LPS III profile (figure 31A) contained a

significant proportion of the total radiocactivity suggesting that

a major portion of LPS III is represented by lipid A. Lipopolysac—-

charide IT (figure 31B) containe‘d a trace of 1ipid A but considerably
less than LPS III. From the data it appears that LPS I has no lipid
A or trace amounts relative to the amount of degraded polysqaccharide
(figure 31C). Closer examination of the graphs showed that total
counts were very low, especially in the case of LPS III, which was

A

due to the small amounts of material obtainable, the repeated series

¢

of stepg involved in the 1solation and preparation of the samples,

" and the use of [1%c] galactose to label the LPS. Results previously

- discussed have shown that [!“C]galactose labels lipid A to only one

i

tenth of the extent that it labels the degraded polysaccharide por-
tion of the LPS molecule. In this case, the\ areas of the peaks that
represent lipid A in figure 31 should be ten times greater when
corrected for'the difference in specific activities of the lipid A
and degraded polysaccharide fractions. Therefore, LPS I, IT and IIX
contain' congiderably more 1lipid A than is actually dépicted 1in the
radioclabeled profiles. These experiments ”establis“hed that two of the
three LPS gpecies contained at least some lipid A. They do not, how-

ever, discount the possibility that LPS I contains lipid A.

By using a different approach it was indirectly demonstrated that

o /
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lipi;l A was present-in LPS I as well as LPS II and III. Janda and
Work (1971) have rgport:ed that 1lipjd A alone causes’ a ;pectral shift
of the cabsorbance maxj7;hum of éhe ;rbocyanin dye simil(;r to ’that
caused by whole LPS. Lipid A, core and core-side chain from the
marine gseudomonad LPS vere reacted with the dye and scanned from
600 to 400 nm. Lipid A produced a spectral shift from 510 to 458 .
nm, however, the core and core-side chain fractions did not; they |
absorbed maximally at the same wavelength as the carbocyanin dye

(figure 32). When LPS I, II and III weré reacted with the dye they

all demonstrated a spectral shift which was identical to tgat obtained

s

with the lipid A (figure 33).

Thus, the LPS species were shown to con‘tlain 1lipid A by several

o

o
methods. (1) The 1lipid A was labeled directly. This method estab-

lished the presence of lipid A in LPS II and III only. (ii) Lipo-
polysaccharide I, IT and III demonstrated a spectral shift by reac-

tion with the carbocyanin dye. (iii) All three LPS components

o

migrai:ed into SDS-polyacrylamide gels. It has already been estab- 6@
lished that!when lipid A is removed from the LPS molecule the degraded

polysaccharide portion does not completely enter the gel.

o

Proposed structures for the LPS species are shown in figure 34.

The differences in the relative amounts of lipid A in éach of the

&
! ~

|
species is “host probably a reflection of the increased amounts of poly-

saccharide in-species I and II. The extensive side chain repeating

[§] i /
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Pig. 32, Carbocyanin dye scans of lipid A, core and core-side
, chain fractions from the marine pseudomonad LPS.
Scan 1 represents 3:0 mg lipid A, scan 2 is 1.9

‘mg core-gide chain, scan 3 1s 1.1 mg core, and scan 4

shows the dye reagent.
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Fig.,33. Carbocyanin dye scan of LPS I, II and III.
‘" Scan 1, 2.0 mg LPS I; scan 2, 1.2 mg LPS II; '

scan 3, i:? mg LPS III and scan 4, dye reagent.
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Proposed carbohydrate structure of the marine pseu-

Figo 345,

%

domonad LPS species.
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unit in LPS completely daminauLg the smaller lipid A-—core structure
\

(Osborn, 1969). Although the general structure of the LPS species '

can be formulated from the present ‘data, the sequence of the mono-

saccharides is not yet known. ™~

Serology

In order to examine the sérological cross-reactivity of the '
three LPS species the Ouchterlony double immunodiffusion technique
was employeh. A whole cell antiserum was obtained against the mar-
ine pseudomonad. The antigen that was used for injection was pre-
pared according to the ﬁrocedure oﬁ;lined in Materials and Methods.
Rabbits were injected according to the schedule shown in Table 12
and were bled on'tﬂe 28th day. The antiserum titer was dgtermiﬁe&
by hemagglutin;tion using sheep erythrocytes coated with whole cell
LPS extracted from the marine pseudomonad and the highest reciprocal

titer obtained was Slﬁ. This titer was too low for use in the double

immunodiffusion studies so the antiserum was concentrated by ammon-

ium gulfate precipitatioﬁ and adjusted to a concentration of 60 mg

protein/ml physiologiéal saline. The concentrated antiserum was qsed

in all subsequent experiments. The whole cell PPS, LPS species, core
and core-gside chain were isolated as described earlier and were sus-
pended in physiological saline at a concentration of 1 mg/0.1 ml.
F%gure 35A demonstrates that purified whole cell LPS resulted in one

precipitin line under the conditions employed in this method. Lipo-

N
~
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‘ ‘ TABLE 12.

-~ » )

o

Injection schedule for the immmnisation of rabbits in the prepara-

tion of a marine pseudomonad whole cell antiserum /
Time Amount injected®sP )
T | '
Week 1 0.5 m ! - J
-y ! 1.0 ml )
' 1.5 nl -
. - Week 2 . 0.5 ml K
. 1-0 Ill /l » N
1.5ml
Week 3 ' _ 0.5 ml
‘ - 1.0 m
1.5 ml \
. 4 '
Week 4 Rabbits were bled by cardiac
puncture «

\

“Intravenous injections in the margindl ear vein. , j

bAntigen concentration, 21 x 10% cells/ml complete salts.

o
o \
""’_",, !
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e Fig. 35, Serological cross-reactivity of fos I, II and III as
| determined by double immmodiffusion.
Slides A, B and C show the actual precipitin
iines as recorded by dark field photography. Slide D
is stained by the periodate-Schiff procedure. The
wells contain: A;, whole cell antiserum; A, Nelson's
‘'whole cell antiserum; L, LPS; 1,‘ 1LPS I; 2, LPS II;
3, LPS III; LA, 1lipid A; C, core and S, core-side
chain. All antigens were used at a concentration of

1 mg/0.1 ml saline.

e
N

!
B
¥
-
¢
1
¥




5% 0

\:‘i&

Pt
i

b g

oty
. ke
A
", .



@ g s T SRR DL

TIIRIY oy = x

~
P

j i

[
poﬁysaccharides I dnd II:qhowed a hoﬁ@;ogous cross reaction with the
whole cell LPS, but, LPS I;I did not give any precipitin reaction
with the antigserum. Even when the LPS IIi antigen concentratioﬁ was
doubled no reaction was observed. Lipid A, core, and core-side
chain fractions isolated from the whole cell LPS failed to exhibit
a precipitin reaction (figure 35B). As a correlatio?.with those
studies performed by Nelson an& Mac¢Leod (submitted for publication),
the whole cell ;ntiserﬁm prepared by Ne1§§n was also tested ird the

[
double immunodiffusion expef*qgnta. The two antisera cross-reacted
/ P’

r«:‘“‘ ‘4
when exposed to the marine pseudomonad LPS (figure 35 C). The slide -

' . A .
wag stained by the periodate-Schiff procedure because arhod-specific
, .
prot;in ring stained around the well of antiserum A;l The agarose

5 '
medium also stains during the periodate-Schiff procedure, yielding

a dark background, however, the precipitin lines are cleafly visibié
(figure 35 D). Nelson's antiserum also exhibited éfhomologoua preg@:
pitin reaction among whole cell LPS, LPS I and LPS II (figure 36 A)
with no precipitin linés observed with LPS III, Iipid A, core, or
core~-gide chai& (fgéure 368). Apparently, the antiserum haQ alhighen
antibody titer as evidenced by the strqnget ﬁrecipitiﬁ,reéctions. \
When these same glides were stained wifh Amido Black 10B, in each

KN | »
case, the same precipitin patterns were obtained'(figure 36C and 36D).

~

This information coupled with what is known about the carbohydrate

composition of the LPS species, sug%ests that a éomplete LPS mdlecule'

128
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Fig. 36. Correlation of the immmological reactions of LPS I,
II and III with those obtained again?t Nelson's whole
cell antiserum,

Slides A and B show the actual precipitin lines
as recorded byldark field photography. Slides C and
D are the same slides after staining with Amido Black
10?. fhe well designations are the same as those in

[~}

' fipure 35.
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is necessary in order to obtain an immunological reaction. When

the LPS molecule was fractionated the subsequent parts of the mole-
cule did not show a precipitin reaction. Similarly, LPS III, which
is lipid A-cofh, but 18 lacking a side chain, also faiied to react
with the antiserum. Lipopolysaccharides I and II which appear to /
contain most of, if not their complete side chains, demonstrated

the same serological reaction as whole cell LPS. It would thus
appear that it ig the LPS species I and II which stimulate antibody
formation when whole cells of this organism are injected into rabbits.
Consequentl*, all of the LPS is not responsible for antigenicity

gince LPS 1III does not contribute to the overall reaction.

Morphology

The gross morphology of whole cell LPS and the LPS species was %

} compared by electron' microscopy. The samples were dispersed in dis- §
tilled water by heatin%’at 37 ¢C fo; several minutes. In those samples j

that were examined for the effects of SDS on LPS structure, samples §

i

were dispersed in a 1% (¥/v) solution of SDS. The preparations were

stained with 17 phosphotungstic acid containing 0.01% bovine serum

2

albumin (pH 7.5). The whole cell LPS was in the form of the typical
ribbon~1ike structures that are usually seen in nepative stains of
this macromolecule (Shands et al., 1967 and Hannecart-Pokorni et al.,
1973). 1In this preraration,'however, the ribbons were contraéted

(figure 37A). In the presence of SDS the ribbons break down into
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\ Fig. 37. Mo:zphology of whole cell LPS and the LPQ species as
determined by negative staining. . /

All samples were dispersed in distilled water
. ' N

at 37.C. A, whole cell LPS; B and C, whole cellxtLPS

in 17 SDS (¥/v); D and B, LPS I; F, LPS II and G,

‘LPS III. Bar = 0.1 um. '
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smﬁller vesicles, some with remnants of the ribbon-like structure
remaining (figures 37B and 37C). The small amount of materiai
that was found in preparations of LPS I looked remarkably similar
to the structures seen in SDS treated whole cell LPS (figure 37D
and,37E) . Lipopolysaccharide II shows small spherical structures
at high magnification indicating complete disaggregation (figure
37F). Figure\37G, which represents LPS III, contains little, if

any material aﬁd no conclusions can be deduced from this photograph.

Lipopéiys;bcharidg samples that were stained in a 0.05 M NayHPO,-
0.05 M Na,Mo0, buffer (pH 7.0) exhibitéd greater structural integ-
rity (figure 38). The LPS ribbons appeéred in both short and extreme1§
long forms, some having bulbular ends. In the presence of SDS, short,
layered structures were prevalent which have not been reported by
other workers (figure 38C). Lipopolysaccharide II preparations con-
tained very small spherical and rod-shaped structptea. Lipopoly-
saccharides I and III, when negatively stained, did not sﬁow any dis-
cernaEle structures, thus, the electron micrographs were not shown.
"Overall, the negatively stained preparations of LPS buffered at pH
7.0 showed \greater structural integrity than those wgich were not
buffered. The SDS can be seen to dissoclate the long ribbon-like

aggregates and electrophoresis apparently separates the disaggregated

components more completely.

Y
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Fig. 38. Morphology of whole cell LPS buffered at pH '7.0.
— All samples were dispersed in 0.05 M NajHPO,

= 0.05 M NajMo0O, at 37 C. A and B, whole cell

LPS; C, whole cell LPS fn 1% SDS (¥/v) and D, LPS

IXI. Bar = 0.1 um. ) . Y
- \ \
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Moledular weight detéminatian
/ / An attempt was m\ade to determine the approximate molecular

weights of LPS I, 1I and IIT by SDS—polyacrylamide gel electrophore-
sis. Several [1%C] dextran samples of different molecular weight |
ranges were ewxamined for mobility in the buffer. The [1%C] dex-;
trans, molecular weight range 15,000 to 17,000 and 60,000 to 90,000
daltons, respe!ct:l.vely, were electrophoresed in 0.05 M Na,HPO, - 0.05
M NajsMoO, - 1Z SDS for §h (figures 39A and 39C). During this elec-

4
trophoresis time, which was equivalent to the length of time rou-

tinely used for LPS ell;act:rophoresis, only 472% of the 15,000 to 17,000
‘ molecular weight dextran and 16% of the 60,000 to 90,000 moiecular .

weight sample entered the gel. When the electrophoresis time was

increased to 16 h, 52% of the 15,000 to 17,000 and 257 of the 60,000

"to 90,000 molecular weight dextrans were recovered (figures 39B and

\ 39p). Consequently, dextrans cannot be uséd as molecular weight

standards in polyacrylamide gel electrophoresis because of their lack

of mobility. The fact that the dextrans will not migrate supports

the concept that lipf.d is necessary for SDS binding. It was ffelt

that the use of polyf:epédes as standardg for LPS molecular weight

determinations would be rather meaningless. ) }

/ (
Dextrans could be useful carbohydrate molecular weight sta:‘dards
for columm chromatography. The marine pseudomonad LPS was solubilized

and applied to a Sepharose 4B column (exclusion limit 5 x 105 daltons) -

£y
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lietermination of the electrophoretic mobility of [{“’C]'
dextrans for their use as molecular weight standards 4

in SDS-polyacrylanride gel electrophoresis. (
\
Electrophoresis was performed in the 0. OSIM Nazm’Oa, -

0.05 M NajMo0y, - 12 SDS buffer. Radioactive prof:l.le A;%\

15,000 to 17,000 molecular weight dextran after elec~ )

\

trophoresis for 5 h at 5 mA/gel; Vbrofile B, same sample
after electrophoresis for 16 h; profile C, 60,000 to
90,000 molecular weight sample electrophoresed for 5 h

at 5 mA/gel and profile D, same sample after electro- °
’ ¢

phoresis for 16 h. Each fraction reprgsents 1 mm of the

o

gel. '
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which was previously packed and equilibrated in the same 0.05 M
0

NaoHPOy, — 0.05 M NapMoOy - 1% SDS buffer that was used for the gel
electrophoresis studies. The column was maintained at 25 + 2 C

in a constant temperature incubation room rather than at 10 C

- because SDS precipitates in the cold. Upward flow elutjon was em-

ployed and the co m effluent was assayed by passage through a
refractive index monitor (Pharmacia). The system was set up as in
the schematic representation in figure 40. Two ml fractions were
collected and those that corresponded to each peak were pooled and
diplyzed for 36 h at room temperature to remove SDSi Dialysis
removed only a limited amount of SDS therefore Ehe remainder was
eliminated by precipitation with BaCl;. Following dialysis and con-
cen;;ation of the material eluted from the columm, a saturated
aqueous solution of BaClp was added. The BaSO, precipitate was.then
removed by centrifugation. Pure LPS preparations did not precipi-
tate 3hen saturated BaCl, was added. The excess BaCl, a;d NaCl was
then removed by dialysis which was checked for completeness by thﬁ
addition of a saturated solution of AgNO; to the dialysis fluid.

Formation of a white precipitate indicated the presence 6f AgCl. In

this mamner all of the SDS could be effectively removed.

The Sepharose 4B column profile shown in figure 41 demonstrates’
that the LPS separated into two peaks. When the material that was

represented by these peaks was electrophoresed on SDS-poliacrylamidé

~
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Fig. 40. Diagram of the Sepharose gel filtration system for\ ’
the chromatography, detection, and cc&lection of S
the LPS species.
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Fig. 41. Gel filtratién of whole cell LPS on Sepharose 4B.
5 The column was packed and the samples were .
eluted in 0.05 M NayHPO, - 0.05 M Na,MoO, - 1% SDS

buffer. The material in peaks B and C was subjec~ ‘ ‘

ted to SDS-polyacrylamide gel electrophoresis.

! Ingert: gel A, whole cell LPS control; gel B,
material from peak B and gel C, material from peak

A\
) C. The gels were stained by the periodate~Schiff

procedure. The location of the void and included
b
volumes dre indicated by V, and Vis respectively,
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\

gele one peak was found to be‘LPS I and the second peak consisted of
LPS II and II1. When peak C, taken from the Sepharose 4B column was

rechromatographed on Sepharose 6B (exclusion limit 1 x 106 daltons)

a single peak was again obtained which contained LPS II and ITI (fig-
ure 42). Various molecular weight range dextrans were chromatographed

on Sepharose 4B and the Ve and Kav values wete determined (Table 13).

Ty

‘Thp void volume (Vo) and the included volume (Vi) were measured by

using blue dextran and sucrose. Tﬁé molecular weight of the LPS

¥
K
g
E
4
3

material was determined from a semi-logarithmic plot of the Kav val-
ues and molecular weights of the dextran samples (figure 43). This

method for elucidating the molecular weights of LPS I, II and III

was no more fruitful than the gel electrophoresis systém since only

LPS I separated from the other two spegies. Sepharose gel filtra-
tion ais; proved not to be a useful technique for the preparative . &
isolation of the LPS species, since only a limited amount of LPS

could be applied to the columm, and, again LPS II and III could pot.

be separated. 1 - v

Pocaliaatian

i The LPS species were localized in the cell wall lafers of the

| “marine pseudomonad with the use of the SDS—p;iyacrylamide gel system.
The outer.cell wall l;yers of the marine pseudomonad were removed

(see Materials and Methods), electrophoresed in the Nap HPO; - NazMoOy, -~

17 SDS buffer and stained for carbohydrate. These cell whll layers

1
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Fig. 42, Gel filtration of LPS on Sepharose 6B. '

»
-

. s
The material from pegk C of the Sepharose 4B

)
‘ column (figure 12) was rechromatographed on a

' , Sepharose 6B /column. The experimental conditions
/ were identical/ to those in figure 41, Insert: gel
) D, material from peak D and gel E, whole cell LPS

5 control. ' : L
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TABLE 13.

N |
e
é a
1

Ilztemnnattm of Kgp fm- atandards and lipopolysaccharidd on

Sepharoee 4B3 o .
Applied sample Ve (ml) - ’ Kav
. ; .
. Dextrans® 3 | i
2 x 106 M.W. : 0 . 0.02 ‘
! 5 x 105 M.W. 122 . 0.54
) v 2.5 x 10° 'MW, 144 0.76 %
‘4 x 10 M.W. 146 : 0.78 :
2 x 10" M.W. 158 0.90 2
N 1 x 16% M., 162 1 ~  0.94 _
LPS I ' ™ 0,06
- 1PS II & III R U I 0.72
aKa -ve—fo;where,v -68mlandvt-168m1(8eelht- .
- Vo

erials and Methods for an explanatioa)

¥

i
5
]
&

b Average molecular weights.
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Fig. 43.. Molecular weight determination of the LPS species

. based on thf K,y calculations from Sephrose gel

i

filtration.

\ The K,, values were taken from Table 13 and

1

' the molecular weights of ﬁhe dextran preparations

\ ¢
were averages. ’G N
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i/

were solubilized in the same SDS solubilizing solution as was the

LPS and we;e not subjected Eo any additional extraction or hydroly-
tic procedures. They represent regions of the cell envelope that
correspond to the periplasmic space, the outer tripartite membrane
and the materia; on the external surface of the outer' membrane. They
have been previously shohp to contain protein, lipid, gnd carbohy-
drate (Forsberg et al.,.1970b?. When compéred to phenol-water
extracted LPS fgom whole cells the three cell wall layers exhibited
the same LPS species but these species varied in concentration within
each layer (figure 44). The most notable differences occurred in ~ °
the outer double-track and periplasmic layers in which LPS I and

LPS III, respectively, appear to be severely reduced.

The absorbance maximum ofifhe colorimetric product of the échiff
reagent was found to be 540 nm (figure 45) and densitometry scans of
the gels containing the]wall layer samples were made as Sliown in fig-
ure 46. The areas under the curves were calculated and used to dhan—
titate each LPS species in the cell wall layers and whole cell LPS
(Table 14). The findings proved that the LPS heterogeneity was not
a result of the phenol extraction ﬁrocedure/ggg/gavé/;/lhird method
for detecting the prese;ce‘gg,LPS’Iﬁ/EH;lcell wall layers. (The
other two methods were discussed in Results,ﬁSection 1) The high {

concentr?tion of protein in the wall layers emphasized more drama-

‘tically the fact that LPS migration is unaffected by protein mobility.
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Fig. 44. Localization of the LPS species in the cell wall layers

d t

isolated from the marine pseudomonad.
The cell wall layers were electrophoresed in 0.05 M
Y
Na HPO, - 0.05 M NajMoO, ~ 1% SDS for 4 h at 10 mA/gel.

The gels were stained by the periodate-Schiff method.

. Gel A, 200 ug LPS; gel B, 400 ug loosely bound outer

. layer; gel C, 400 ug outer double~track and gel Tv, 400 =

'

ug periplasmic layer. h
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Fig. 45.

-\

Determination of the absorbance maximum of the coloured
aldehyde product of the Schiff reagent as used in poly-
acrylamide gel densitomefry employing 7.5% acetic acid

as the solvent.
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Fig. 46.

1

Densitometer tracings of the migration patterns of
LPS and cell wall layers on SDé—polyécrylamide -gels.
Gels were stained by the periodate-Schiff pro-
cedure and were scanned at 540 nm. Scan A, 200 ug
vhole cell LPS; scan B, 400 ug 1obse1y b(;Lmd outer
layer; s\can C, 400 ug outer double~track and D, 400
ug periplasmic layer. LPS I, II, III and the /:qur— |

face of the gel are represented by I, II, IIT and §,

teépect ively.. ) .
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TABLE 14, .

4

Quantitation of the Zmpopolysaccharidb species in whole cell LPS and
‘ the ceZZ wall layers of the marine pseudomonad as measured by

densitometry
Sample? LPS  Peak area % LPS % LPS % of total
P species (mm?) species . in each LPS
layer 1in each layer
Whole cell LPS I 976 26.6
. 11 . 2385 65.1
II1 304.5 8.3
total 3665.5
Loosely bound 1 1222 21.5 o
" outer layer 11 3800 66.7
111 675 11.9
total 5697 77.7 45.6
Qo ! \
‘ _ Outer double- I 195 9.4
track 11 1463 70.5
111 418.5 20.2 :
total 2076.5 28.3 16.6 b
Periplasmic I 2044.5 43.3 .
layer IY 2484 52.6
11T 192.5 4.1
- total 4721 64.4 , 37.8

aLipopolygaccharide (200 ug) and 400 ug of each of the cell wall
layers were applied to the gels.
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In figure 44 the LPS in gel A contained-1% protein whereas the cell

L

wall layers contain 20 to 407 protein (Fofsberg et al., 1970b), how-

£y

ever, the pqsité%ns oflthe LPS bands were unalteredL

. -
During the growth of the mariné pseudomgnad, material was found

in the medium. It was electrophdresed on SDS-polyacrylamide gels

S
after release from [1*C] labeled cells gnd contained three peaks

. )
which were compared to the three species found in cellular LPS (fig-

‘ure 47). The material isolated from the medium migrated ‘to the same

positions in the SDS-gels as did LPS I,'II and III and no additional

" radiolabeled peaks were observed. On this basis, the material which

\
was releaged into the cell medium appeared to represigt‘@xcreted

0y

cellular LPS. &he medium material was found to be present at ex-

tremely low levels and obtaining enough material for gel electrophore-

- t

sis was difficult. These results appeared to substantiate those of
4

%
of LPS to the medium was demonstrated using double immunodiffusion

techniques.

-
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Sodium dodecyl sulfate-polyacrylamide gel electro-

'

phoresis profile of the material released-into the
. \
medium when cells of the marine pseudomonad were

grown in the presence of [l4C]galactose.
Electrophoresis Fime was 3 h at 10 mA/gel in
0.05 H\I‘;;ZHPO., - 0.05 M Na,Mo0, - 12 SDS. Ome gel .-
frlztion corresponds to a.mm of the gel. ~Ge1 pro;
, N

file A, fhe mafgrial releaﬁed into the medigm and

B, whole cell LPS.:
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SECTION Iv
t

STUDIES INVOLVING THE BIOSYNTHESIS OF THE LIPOPOLYSACCHARIDE SPECIES

!

Oz;der and rate lof biosynthesis

The ability to detect t;; LPS spec}éa by gél electrophoresis
supplied an excellent assay system for the study of their biosynthe-
sis. }he pulse—iabeling technique used by Osborn and co-workers
(1972a) was adapted for use in these experiments. Cells of the marine
pseudomonad were grown to e;rly logarithmic phase and at an optical
density approximat;ly 0.40, 0.2 uCi/ml of [l%C)galactose (43 uci/
umole) were added. Aliquots (5 ml) were removed at specific time
intervals following the addition of the isotope anJ*were pipetted

‘directly into 5 ml of preheated 907 phenol to prevent the further

incorporation of label. The extraction and purification of LPS was

~
~

performed on each cell sample and the LPS was then electrophoresed

on SDS-polyacrylamide gels in the Na,HPO, - Na,Mo0, - 1% SDS buffer.

i

Wi W

RPN Al st
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The gels were fractionated and counted and the profiles are illustrated /-

in figure 48. In the first sample,'in which tPe cells wereolabeled
for 2 min, LPS I can be seen. There was a ver& low molecular weight
peak near the bottom of the gel, but, it is not known what this peak !

represents. After labeling the cell's for 5 min, LPS II was evident
!

. while LPS I continued to 1ncorporate label and the low molecular

weight peak began to diminish. During an additional 10 to 40 min of

|
labeling both LPS T and II continued to incorporate label with n
{

ﬁgw

\ oy \




o IR
' +
[Ny N ;f’
* - AN
151
N - "
A
‘;
1
+ M \ a .
[ ' -
.
A . -
~ .
. , )
s - .
. . .
. \ i ]
Ay ~ s . A
v . e . ' AN
, FIGURE 48, , _
‘ . . , '
. 3 ) . ) l . B -
. . . / R
S - < ;
. . . . a . A
L—
‘ ) ¢
: ! 4 .
. . v s .
1 ' »'
“ . e .
| P S ,
’ -
.
i
’ \ § - , .
\l .
o
- ~ ~ ll‘ \‘ .
» . n
" B . ,
v v a ,
é . I
~\, &
.
S ’ } ) . o
S . R B .
. ‘ |
i . ~
M . ; A\ N - .
."Lf Fl f
M, ) )
R ’ .
god SR .
f“! ¢ .
| R ) ) . . : .
» B - 1
» A L3
o < A

s
EN
-
B
I
\

PO
s

{ :’\(;
s

e

“-\\:1

N 1
i R R \
“?-“ 1 r‘i‘ ° P
S .
N . B
v - -
;if*! M E { \
oty |
AP
ey

;:
L

R
X5 ,:‘g;*:‘{:
sammanan=
-~
*
Y
~
'
-~
.

!
i

55
v,

- 41 -




.

Fig. 48. Pulse-labeling of the marine‘paeudomonad LPS.
Ceilg‘puised with [1%C]galactose were’bhenol-
water extracted agd the 1églateq LPS was electrophoresed
for 3 h at 10 mA/gel. Labeling times were: profile -
A, 2 min; profile B, 5 min; profile C, 10 min; ,

profile D, 20 min; and profile E, 40 min.
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appearance of LPS III. The generation time of the marine pseudomonad
Qhen grown in\nut;ient broth-yeast extract complex medium, under /
the conditfons used in these experiments, was approximately 60 min
(figu;e 49)., Therefore, the cells were allowed to grow for slightly
less than one generation after first exposure to the label. ‘During

the time that the cells were exposed to label they were in the logar-
iéﬁmig phase of growth. In this situation LPS I and II were rapidly
biosynthesized in exponential phase ceils while LPS III was not. The
.experiment was répeated and. the cells, after inoculation into a

medium containing [!"C]galactose, were incubated until the culture {ﬁéip
reached early stationary phase of growth. Aliquots of the culturg \
were removed after two, three and four generations of exposure to label
and the LPS was| extracted and electrophoresed. Thus, the experiment
followed the incorporation of label into the LPS species over the en-
tire growth cycle of the culture. At the end of the Qecond generatioﬁ,
LPS II was incorporating the radioisotope at a faster rate than LPS I
(figure 50A). After three generations this rate change was confirmed

and LPS IIT had still not appeared (figure 50B). The final sample

was removed after four generations and the results show that LPS III

was present in these cells (f&gure 50C). Figure 51 demonstrates that

the cell samﬁles that were collected after exposure to label for two,
;hree and four generations were at early logarithmic, mid-logarithmic

and late logarithmic to stationary phases of growth, respectively.
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Fig. 49,

- [

Logarithmic plot of the growth of the marine pseudo ,

monad in nutrient broth-yeast extract complex medimn\.
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Optical density was monitored with-a /Bausch and
Lomb Spectronic 20 spectrophotometer at 660,nm.
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Fig. 50.

™

Pulgse~labeling of the marine pseudomonad LPS over

£

the entire growth cycle. ®

The experiment was performed as in figure 49.
Sawples were electrophoresed after A, 2 genera-
tions; B, 3 éenetations; and C, 4 genmerations of

labeling.
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Pulse-chase labeling experiments were attempted on a number of -
occasions to determine whether one or more of the LPS species were
biosynthetic precursors. In thisg°type oé expe¥iment the cells ‘'were
grown in the presence of [1%C]lgalactose until LPS I was labeled
then cold galactose was added to the medium to reduce the specific
act;v%ty. Incubation of the cells was continued and aliquots were
taken at various times. The LPS species were then separated by gel
electrophoresis to detect any transfer of label from LPS I to lipo-
po;;saccharides II and III. Complications in the techn%cal aspects “
of .the experiment resulted in repeated failures. An adequate method
~of preventing tﬂb continued incorporation of the radioisotope from
the cell ﬁedium into the LPS, during the chase part of the experi-}
ment, was not found. When isotope incorporation was stopped in some

. s
experiments'no transfer of label from one LPS species to another was ’
observed. Additional exp;rimenfs on the effect of metabo?%c inhibi~-
tors on the marine pseudomonad are necessary before this type of
exper;ﬁent'can be perforﬁeﬂ satfgfactorily.

! 4

o

Btosynthesis in mureinoplasts and protoplasts

DeVoe et al. (1970) demonstrated that the mureinoplasts and pro-
toplasts that can be formed frombghe marine pseudomonad were stablé?in
a salts mixture, containing'0.3 M NaCl, 0.05 M MgCl, and 0.01 M KC1,
for up to 40 min and 90 min, respectively. This afforded a method

for the study of LPS biosynthesis in a system in which the outer cell



* e
~
-

‘ wali layers have been removed. The usefulness #§ this type of ex-
periment, in which walliboﬁgz enzymes and LPS are absen® will be
explained later (see Discussion). The protocol for these experij*
ments is shown in figure 52. The bacterial culture was aiv;déd in
ﬂalf so that the bios;nthesis of LPS by whole cells could be used
as a direct comparative control. Hur;inoﬁlasts or protoplasts
Here fo;med from the remaining half of the original culture accord-
ing to the procedure of DeVoe and co-workers (1970) wﬁich employed
full wash volumes of O.SNM Naél and 0.5 M sucrose. All experimental
procedures were carefullf‘éontrq}led. Preparations were che;ked
for the presence of whole cells of the marine pseudomonad that
rémained during the formation of the’mureinoplasts and protoplasts.
Viable counts were made on nutrient broth-veast extract complex
medium as a measure of wﬁole cell contamination. Plate counts were

#
!
also made on nutrient agar to insure that aseptic conditions were

’ maintained. .Ebe stability of the mureinoplasts and protoélasts was
monitored by following the opticai\density of the preparation duriné
the z{)or90 min incubation period. The preparations were also
'examined by phase microscopy to be sure that the mureinoplasts did
not prematurely lyse or form epireres. When mureinoplasts were used,

\\atheir formation was checked by the occurrence of protoplasting upon*

the addition of lysozyme. Any EPS that was biosynthegized during °

~

the experiment was isolated from the control cells and mureinoplasis

157
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Fig.

52. Expegin‘:e:{‘tal desigp for the .study involving the bio-

synthelsis of LPS by wfeinoplasts and protoplasts.’
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or protoplasts by extraction with phenol-water and was removed from
the media by centrifugation at 143,000 x g in the presence of‘Mgi+.
The experiment was designed so that the LPS and any other cellular
products were collected during the period of logarithmic growth of the
cells. If labeling studies were performed then 0.21/uCi/ml [1%c)-
galactose (43 uCi/umole) were introducéd at the"begig;ing of the 40
or 90 mi& incubation period. Table 15 demonstrates the stability
of the mure{nopla?ts under the experimental conditions that were
employed. Mureinoplasts were stable for a minimum of 40 min and

. occasionally as long as 55 min before lysis began. Sometimes the
mureinoplasts wo;}d lyse prematurely, but these éxperiments were r
discarded. - Ogce the mureinoplasts started to lyse, after 40 min of
incubation, opticalgdensity readings could not be taken due to the
appearance of white, stringy cell debris. Whole cells of the marine
Pseudoménad that remained in the preparation were routinely 0.1% or
less of the poplhilation and: on occasion, they reached a leval of up
to 0.3%7. Laboratory contamination of the mureinoplast preparation

5T

A ) .
never occurred. AI1l centrifuge tubes, salts solutions and glassware

" were autoclaved and 0.5 M Sucrose solutions were filter sterilized.

The mureinoplasts were resuspended in the nutrient broth-yeast

extract medium to supply an energy source and to maintain favorable

Py .

conditions for metabolism. Therefore, the salts concentration of

the medium had to be increased from 0,22 M NaCl and 0.026 M MgCly, to
/” .

0
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TABLEslS. R

3

Stability of mure{inoplasts during incubation in a Icomplete salts

2, y

s a
solution %

Incubation Optical density

Phase contrast microscopy

. . time (mir:) . (660 nm)

0 0.85 " rods; phase dark
10 0.80 ‘
20 0.80
3(§ 0.80 . rods; phase dark :
35 0.80
40 . 0.80 | -

" 45 . 0.80
50 9.80 rods; phase dark

s 55 ' . 0.7 rods and cell debrfs; addition

. of 150 ug/ml lysozyme yielded
spheres .

60 . —-l,’ rods swell an## sphericalize.

’ o

without the addition of lyso-
zyme; cell debris
: A

¥ ;
%he complete salts solufion contains 0.3 M NaCl, 0.05 M MgCl,

and 0.01 M KCl. )

~

* bAs muteinoplasts lyse, white stringy material collects and ren-
ders optical density readings impossible. m
. ) ¢ -~ _
- . ° !
{ c P
N L}
¢ ° )
% -
L ,
. . k‘ N
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0.3 M NaCl and‘é;OS M MgCl, to insure the stabhlity of the mureino-
plasts. There was no difference in the growth curves of the marine

pseudomonad when these salts mixtures were compared (figure 53).

The first experiments to be performed employed radioactive iso-

| .
topes in order to examine whether the mureinoplasts actually incor-
2 . o

. EIN . «
porated label and biosynthesized cellular products. The material

that was extracted from the mureinoplasts and whole cells and from \&

their corresponding media were electrophoresed on 5% SDS-polyacryla-

mide gels (figure 54). }racticilly no LPS could be extracted from
gels (flgu \. !

the ﬁuréinoplasts; however, significant amounts of radiolabeled pro-

- @

o ducts were found in the mureinoplast medium. These products were

5

spread throughout the gel with the majority of the material remaining

o

in the top half of the gei; an ind{cation‘that the material was of

‘ @
a large molecular size. The material isolated from the mureinoplast

sty AR

medium could not be correlated with the control cell LPS ot material

) from the control cell medium, based solely on the radilolabeled
ventl - » N

. profiles, because the materidl spread throughout the gel.

il

Protoplasts were also examined for their ability ‘to biosynthe-’ , J

-

phoretic mobility similar to that exhibited by the material from,

[

the muréinoplast medium (figu}e 55). ' , o
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F’ig. 53. Comparison of the growth of the grine pseudomonad in ' o

/ ~ medium containing . the increased salts concentrations

?

necessary for the stahility of murinoplasts and pro-

a
(RPN PP

a

e "toplasts with growth in the presence of salts at their

lormal concentration, :,
a9 , R q
" Growth curve A was determined in nutrient broth—

yedst extract complex medium containing the nbrmal -

! s 2

concentfations of NaCl (0.22 M) and MgClp (0.026 ).~ L

,Growth curve B 'was .determined in the same medium in

‘ which thewntratior{é bf NaCl and MgCl, vere ‘n-

>
o
2
-
P L L, “; B i

. ‘ creased to 0.3 M and 0.05 M, respéctively. The cpl+ ¢~
-« [ o < » . h . A
g tures were maintained at 25 C and gptical density
. .

readings were made with a Bausch & Lomb Spectremic 20 . .
;- speétropﬁotqmetet at 660 nm. ,The',growtﬁ curve for - -; 7/ (
. ~ . , . . ) f’ ,‘
' each salts concentration was determined on duplicate - : !
“ ' . . o* ° i
< cultures. - . s - \ !
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‘ Fig. 54. TIncorporation of [!“C}radiolabel into cellular products

@ during incubation of mureinoplasts 1n‘ nutrient broth-
yeast éxtr;ct complex medium..’
Polyacrylamide gel electrophoresis and fractiona-
tion of the radiolabeleg gels were performed as in
t previous ext;efiments.‘ :Electrophoresis time was 3 h at
J ° 10 mA/gel. Profile A, LPS extracted by phenol-waj:eg
from mureinoplasts; prof‘:lle B, material recovered
from medium after removal of nmre'inoplasts; profile G,
s l’aterial recov{ered from medium after re?oval of control
cells; and profile D, phenol-water extracted LPS from

control cells.
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Incorpor;éion of [1%C]radiolabel, into cellular

_products during incubation of protoplasts in nu-

Ca
trient broth-yeast extract complex medium.

All experimental conditions were the same as

Profile A is LPS extracted

thoge in figure 53,
4 / ‘ \

xby pheﬁol—water from protoplaéts and profile B is

material recovered from the medium after removal

of protoplastg. /
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The products that were isolated from the mureinoplast and proto- :

plast media were not subjected tofghenol—water extraétions because
the amounts isolated were very low. It was expected‘thgt their}
¥

radiolabeled gel profiles would be similar to the simple profile

obtained with the material isolated from whole cell medium, and
. ) N . \
there was a possibility that these materials! would be cell wall

complexes composed of protein, 1lipid and LPS. “Any type of coﬁplex .

would have been completely disrupted by extraction with phenol-water.

e S T

.
Efforts were made to assay the materials from the muteinoelast and

protoplast media in order to characterize them chemically rather than

" ik

by SDS-polyacrylamide gel electrophoresis. Unfortunately, the nu-

triént broth-yeast extract contained a carbohydrate fraction which Y
peileted at 143,000 x g along with the labeled material. This inter- . ‘
fered with any attempts at chemical characterization. Even though

the contaminating carbohydrate would not be labeleﬁ it .18 not known

if 1t could be separated from the"mureinoplast and protoplast products.

i
Drapeau and co-workers (1966) employed a trypticase-salts medium

for use in transport studies involving the marine pseudomonad. This .

medium was found to be carbohydrate free and, therefore, was con-

sidered for use iﬁ these expériments. The marine pseudomonad grew —-

well in the trypticase-salts medium which had been corrected to con- '

tain the concentrations of Na® and M32+ necessary for the maintenance

of mureinoplast stability (figure 56). A slightly longer gsﬁeration
i

¥
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Fig. 56.

o

Growth of the marine pseudomon;d in the tryp‘ticase-

.
B -»

salts complex medium. -

Growth curves were determined on duplicate
cultures and optical density was monitored with a

Bausch & Lomb Spectronic 20 spectrophotometer at

666 nm, . e -
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time was observed in this medium. It has 'td. be fully eatablished *
. that all of the controls operatg properly and that mureinoplasts and
protoplasts can be fofmed from \ceils grown\in this medium. Although '
a great deal of work remains to be perforned inbordelr to complete
this study, the initial experiments demonstrate the feasibility of
using true mureinoplasts and protopla’fts for Gram-negative cell wall
biosynthetic studies and show that thege cell forms biosynthesize

a

macromolecular components.
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® pPISCUSSION

d » ¢ ’
5 r
The question of the‘heterogeneityy>f bacterial lipopolysacchar-
‘ S
ides has become a fundamental aspect of LPS research as a result of

-

the recent concentrated emphasis on'the structure, function, biosyn-

thesis and bioiogical activity of this unusual macromolecule. In the'
v \ \ ° :
study of whole cell lipopolysaccharides, if heterogeneity existed and
\ was not con;idered, then the data on composition could only be ‘inter-
¢ A\

preted as representing average vafues for a mixture of lipopolysac-

chéride“s./ The “evidence present‘:ed'in this study demonstrated that the

mri:ie pseudémonad LPS (i) is a complex heterogeneous aggregate which

is composed of three distinct LPS species, (ii)ois qualitatu:ively the

0 same vhen extracted from batch culture“ and fermenter grown celgls, and ' -
(111) has ;'carbohydrate compositl:lon which is gimilar t:o‘g:he’ 'compos\ition /
.Of 1ipopolysaccharides isolated from other Pseudomomas species. ‘ f.;

L

0'Leary et al. (1972), using LPS extracted from batch cultures .
- ! .
of the marine pseudomonad, reported its chemical composition. In the

present study large amounts of LPS were needed for the isolation and
“\ characteri\zation of the LPS species and therefore extractigné vere
pe'r:fomed on fermeﬁ:er grownoibells. For this reason the chemical com-
position of the whole cell LPS was re—examined. Gas-liquifd chrc;mato- \
. ! .0 ¢ ‘
graphy deHonstrated that the lipopolysaccharides extracted frolnh the
cells grown in a fermenter ?r batch éulture were qualitatively similar

with minor quantitativ'e differences among several monosaccharides.

i

\ o N
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The sensitivity and resolution of the gas-liquid chromatographic method
allowed for the quantitation of some of the minor sugar components

that were tentatively identified by O'Leary et al. (1972). The simi-
larity between thé lipopolvsaccharides isolated from cells grown ?nder
- two different conditions justified the use of fermenter cultures for

!

extractions. ot ©

Several of the apparently unusual characteristics of the marine

AT a
S

-

pseudomonad LPS were also noted in other baeterial lipopolysaccharides. K

L

¥ For example, the rare sugar, 2-amino-2,6-dideoxyglucose was reported

in ‘Pseudomonas stutzeri and P. syncyanea, as well as in three strains -33

ety

of P. aeruginosa (Wilkinson et al., 1973 jad Wilkinson and GAlbraith,

»y
B3

rage

2

"1975). This rare dideoxy hexosamine was found not only in Pseudomonas

R
d

species but was also reported in Proteus vulgarig, Salmonella groups S 'Q

£

and 58 and Arizona 1.33 (Lideritz et al., 1968); an Achromobacter spec-

*

ies (Smith, 1964) and Vibrio cholerae strains Inaba and Ogawa (Jann
and co-workers, 1973). An extremely low concentration, less than 0.1%, ’
of 2~-keto-3-deoxyoctulosonic acid (KDd) was fournd in the marine pseudo- N

monad LPS in the present study and in two strains of P. rubescens as fﬁ%
shown by Wilkinson and co-workers (1973). The complete absence of KDO A
was reported in another marine bacterium (Mongille et al., 1974). 1In

the marine pseudomonad LPs; which w;a ex;mined in the present study,

1
the remainder of the carbohydrate components were common hexoses and

hexosamines with only a single unidentified sugar which was present in




1,

a low concentration. The only exceptional characteristic of the LPS
was that its structure did not seem to be related to the colony mor-
phology. That is, in the marine pseudomonad, cells forming rough
colonies contain LPS apparently possessing an O-antigenic side chain.
In the Enterobacteriaceae cells which form colonies having a rough

3

appearance contain LPS which lacks an O-antigenic side chain while

~ those cells Z:at form smooth colonies contain completed LPS. There

is also a s eous mutation from smooth to rough colony typesjin
the Enterobacteriaceae (lLiideritz et &Z., 1966) . However, in the mﬁr—
ine pseudomonad the rough variant 3 mutates to the smooth variant 1
(Gow et al., 1973). Sodium dodecyl sulfate (SDS)-polyacrylamide ‘gel
profiles of LPS isolated from both variants 1 and 3 were identical-

suggesting that even though there is a transition in colony appearance

+ the LPS remains the same structurally. Therefore, it should be noted

4

that the relationship between colony morphology and the presence or
“absence of an O-antigen does not hold tr?e for all Gram—-negative

bacteria.

Lipopolysaccharide heterogeneity was assayed by the technique of

SDS-polyacrylamide gel electrophoresis. Previous investigators observed

that LPS could be electrophoresed on SDS-polyacrylamide gels ﬁht they
were concerned with the examination of cell envelope complexes rather
than with the heterogeneity of purified LPS (Rothfield and Pearlman-

Kothencz, 1969 and Osborm et al., 1972b). Zollinger and co-workers

[y
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l
(1972) electrophoresed purified N. meningitidis LPS and failed to

observe any heterogeneity. This was due to the fact that many Neis-
serial iipopolysacchatides do not contain O-antigenic side chains

and consequently yield single\catbohydrafe polymers upon gel eiectgp—
phoresis as was demonstrated in this study and'by Johnson et al.
(1975). The SDS~-polyacrylamide gel electropgoresis system appgared
to be a superior method for the detegtion of LPS aggregate components
and afforded the semnsitivity, resolution and specificity that other,
me%hpds, such as gel filtration, lacked. Two ;ethods, periodate-
Schiff staining and [I“C]tadiolabeiing, were used to locate the LPS.
components in the éels in order to eliminate the possibility that one
method might not detect all of the sample. The major concern was that
the radioisotope was not diéberaedjthroughout a major portion of the
LPS. Results obtained by desceﬁding paper chromatography experiments
demonstrated that the degraded polysaccharide portion of the LPS was
extensively labeled when cells were grown in the presence of [!“C]gal-
actose. Three labeled carbohyd::;e polymers were obtained upon gel
electrophoresis and they exhibited co-migration with the|staihed LPS

compohents. Apparently there was no selective staining or specific

labeling of any\Gf the LPS aggregate components, an important point

to establish because labeled LPS was used exclusively in the pulsé- ,; B

‘labeling experiments. An additional advantage of determining the

extent of the radiolabeling in the LPS was the finding that the
/
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2-amino-2-deoxyglucose in the lipid A incorporated the radioisotopg,

e A

thus pérmitting the localization of this portion of the LPS molecule

alone on SDS-gels. , .

Lipopolysaccharide heterogeneity, as determined. by SDS-polyacry-

lamide gel electfophoresis, was not limited to the marine pseudomonad %

i y
‘but was also apparent in Escherichia coli 0111:B4 and Salmonella ty- %
‘phimuritm LT2. These two bacteria were employed extensively in LPS §

and Gram-negative cell wall studies (see review by Osborn, 1969). The

finding that E.%coli and 5. typhimurium lipopolysaccharides were

heterogeneous emphasized that LPS heterogeneity was a ptevaleﬁt pheno~
L]

menon that should not be ignored in the study of the Gram-negative

[
cell envelope.

% g
A close examination of tﬁe electrophoresis buffer established h i

which factors contributed to the electrophoretic mobility of the.carbo-

e

hydrate po%ymers and what intrinsic differences resulted in their sep-

&

aration. - The experimental evidence épggeﬁted that an SDS-1ipid A

N
- Fro

A

interaction was responsible for LPS migration with secondary effects

& e yitE

due to the action of m?lybdate. These findings were supported by the -
‘fact that (1) almost complete migration was achieved in an electro-
phoresis buffer containing SDS bqt not molybdate; (11) no ordered

migration pattern was obﬁained\when Triton X~100 replaced SDS in the
electrophoresis buffer; -(i1i) puyrified 1ipid A exhibited mobility in

the SDS electrophoresis buffer whereas only 652 of the degraded .

0
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polysaccharide entered the gel remaining instead near the gel sufface

and (iv) dextran polymers had a migration pattern similar to degraded

2
g

'
s,
K

&k

polysaccharide. The ‘premise that an SNS-1lipid A complex co?tributed ,

o

to the electrophoretic mobility of LPS was also proposed by Jann et

A

5
Wy

LR

a£;”(§§75), however, the report did not supply any convincing evidence
"/ " \’:g‘;‘ . .
to support the proposition.

S

~

The carbohydrate composition of each of the LPS components-isola- \
ted by SDS-polyacrylamide gel electrophoresis were determined by gas- -
liquid chromatography. The monosaccharide composition of %fs III wJﬁ
remarkably similar to that of the core region of the LPS molecule.in

»

that the sugars heptose, galactose and 2-amino-2-deoxygalactose were

ety s dEE e gL

present in a 1:1:1 molar ratio. This would make the simplest core

gl

5

structure a trisaccharide. Lipopolysaccharide II contained all of the

o

LR

|

core sugars, however, glucose, galactose and 2—amino-2—deox§galactose

W I

were in much greater concentrations than the other monosaccharides
/
{ .
which suggested that this species had a side chain composed of a repeat-
| ing érisaccharide unit consisting of these monosaccharides. Sim#larly,

!

LPS I contained 2-amino-2,6-dideoxyglucose, 2-amino-2-deoxyglucose,

s

2-amino-2-deoxygalactose and galactose in high proportions suggesting f
. a tetrasaccharide repeating unit. In addition it was concludeé from

the molar ratios4 that LPS I and II contained core regiﬁns and that these

had the same composition as the core region in LPS III. However, the

1

core regions in the three apecié% may not necessarily have the same
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b ,
structure since it has been shown that heterogeneous core oligosac-

charides exist in a rough strain of E. coli (Fuller et al., 1973).
These core oligosaccharides differed from one another in both the
number and type of monosaccharides that were present in each. The /
possibility that the LPS species, isolated from the marine pseudomonad,
contained different core structures could explain why in LPS“I the

sugars 2-amino-2,6-dideoxyglucose, 2-amino-2-deoxyglucose, 2-amino-2-

AN
deoxygalactose and galactose had a molar ratio of 12:18:15:17 and in

LPS II, glucose, galactose and 2-amino-2-deoxygalactose had a molar
ratio of 13:12:16 (see Table 11). 1If, as was proposed, the tetra- 5

N &
saccharide and trisaccharide represent the side chains in LPS I and ”§

11, respectively, then they should each contain sugars in an equal 28
]

(151;1:1) molar ratio. The extra monosaccharides could be part of fi
the core region in each species. The actual number of repeating side ’ 1§

By
chain units in LPS I and II is not known but would appear to be at §

S

least 11 or 12 in both species.

Ty
R L

An important unstion in establishing the relatioﬁshiﬁ\between

x

4
ke

the LPS species was whether or not they all contained lipid A. The

presence of 1ipid A in each species was established using the SDS-

5’
0

Ay Sy A -}v«-,;f“
b

polyacrylamide gel technique, in the case of LPS I and 11, and the
carbocyanin dye procedure for all three. The demonstration of the
presence of lipid A as well as heptose in LPS I and II complimented

the data that was obtained by gas-liguid chromatography and showed

/ N

N




. difference in the relative amount of 1ipid A that was detectable in
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~

x - ’

that-these compounds were complete LPS molecules and did not represent
free side chain oligosaccharides. The term “complete" refers to an -

* LPS moiecule(that is composed of lipid A, core and side chain. The
/ .

» . f
these two LPS species was probably a reflection of the greater amourits

of side chain oligosaccharide in LPS I and II. The existence of

LN

qgveral different types of complete LPS in the same bﬁcterial strain

"
%

‘has not been reported in the literature. It was reported that a

P

“

strain of Aerobacter agrogenes contains two forms of LPS, one of G

I
" J. .
SRS A

o %t
Tk
o4

P

E .
which consists of lipid A, core and side chain and the -other contains

+

s
5 ok

only lipid A and core (Koeltzow and Conrad, 1971). In other studies,

<

T R

it was suggested that several different gide chain»containing iipo-
polysaccharides, when present in the same cell represent various .
degrees of polymerization of the LPS molecule {(Jann et al., 1975).

In the above investigation, which used a Citrobacter strain as a model,

it was assumed that the LPS bands visualized on SDS-polyacrylamide

PN
Pl

gels were identical to the carbohydrate peaks oﬁtained on Sephadéx E;
G-50 colums. Carbohydrate analysis was performed only on the mater-
ial collected from the Sephadex colu;n. In ong éase, the LPS was ( Q
electrophoresed without prior treatment while’;he gel filtration

studies used degraded polysaccharide that was isolated from hydrolyzed
LPS. The gel bands were equated with the column peaks simply on the

basis of position and nuaper. In the present study the marine pseudo-
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y
monad whole cell LPS was not subjected to a hydrolysis or any harsh }g
b » Wi é‘ff’“
chemical treathents prior to the separation of its aggregated compon- :
ents. Subsequently, chemical analyses were performed directly on v
‘ - =
the, material that was separated on the SDS-polyacrylamide gels.
#
! T
It was hoped that the double immunodiffusion experiments would 'y
" demonstrate LPS ﬁeterogeneity in the marine pseudomonad, however, the %
results were not what was expected and they did not add information i

regarding the chemical differences besyeen the LPS species, Lipopoly- — @

‘saccharides T and II exhibited‘a,homol;gous cross reaction even

though their antigenic éide chains appear to be somewhat different. ¥
. £

Both species however, contailned galactose and 2-amino-2-deoxygalac-— ?

tose in their side chains and if these sugars were the determinant

groups on the antigen, due to the presence of the same terminal link-

ages, they could be responsible for the ident}cal serological responses

and block the reaction of the remaining side chain sugars. O-antigen 1

structural groups which are similar can be responsible for cross- | '

reactivity and yet m‘zvbe only a part of the whole antigen structure

(Liideritz et al., 1966). Therefore, even though the side chains differ ' -

in one or two monosaccharides, they could belong to the same sero-

group. There was no precipitin rgaction between LPS III and the whole

cell antiserum which can be explained by the possibility that in whole

cells the extensive O—antigen;\an LPS I and II obscure the LPS III

*

core and prevent it from being available during the formation of




A

antibody, as 13B; as the cell envelppe is not degraded. The O-anti-
;

gens probably extend to the cell surface while the LPS core does not.
Escherichia coli and Salmonella typhimuriuwm lipopolysaccharides which

are composed of only lipid A and core are known antigéﬁé (Lideritz

N '

et al., 1966). Therefore, LPS III which is lipid A-core may also be
an antigen but is blocked in the cell envelope of the marine pseudo-

monad. The isolated 1ipid A, core and core-side chain fractions of

the LPS molecule 6id not react with the whole ceil antiserum. The

4
.

core-side chain fraction would be exﬁected to give a positive reac-

tion with whole cell antiserum because it contains the (-antigenic
] Q
glide chains found in LPS I and II. Since the core-side chain was

\

isolated by subjecting the whole cell LPS to a mild acid hydrolysis

it i3 conceivable that thié/fraction could have been partially degraded

LA ; .
and consequently not be recognized by the antibody.

\

Identical serolegical reactions were obtained with two different

Y

antisera which were prepared at two different times, the results of
which supply stroﬁg verification of the data in the face of the notor-
ious variability that is known to occur in immunological systems.

1

Previously, two precipitin lines were obhtained when the marine pseudo-
monad LPS and a whole ceil antiserum were re;cted during double immuno-
diffusion experiments (Nelqggdand MacLeod, submitted for publication).
When Nelson's antiserum was reacted against the whole cell LPS, iso-

lated and purified in this study, a single precipitin line was observed.

L
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Apparently, there was an additional component in Nelson's LPS prepara-
tion which reacted with the antiserum. This component did not corre-

spond to any of the LPS specles detected in this study.

Attempts to differentiate the LPS species morphologically were
not succ;ssful, but evidence was presented which established that the
marine pseudomonad LPS (i) formed typical ribbon-like structures in
negative stained preparations; (ii) was dissociated by SDS, that is,
the ribbon-like structures were disrupted to shorter fragments which
then rearranged into stacked sheets (in NayHPO, - NapMoO, buffer) or
vesicles (in distilled water), and (iii) ;ks more stable in a neutral
pH environment. The morp?ology of the whole/cell LPS was similar to
that of S. typhimurium LPS ag reported by Shands and co-workers (1967).
It was difficult to detect the trilaminar appearance in tﬁé ribbon-like
forms of the marine pseudoﬁonad LPS which cduld be due to the use of
phosphotungstic acid instead of uranyl acetate for staining. The loss
of the structural integrity of the whole cell LPS which occurred when
the LPS was stained in a non—bufferéd, ion-free environment has not
been observed elsewhere. In a buffer at a neutral pH, SDS appeared
to Eompletely dissociate the LPS yet produced only partial disruptio;\

when the LPS was present *in distilled water. The trilaminar struc-—
tures were apparent in buffered SDS preparations with reagpgregation
occurring, in some instances, in the form of stacked sheets (figure

38C). The results would indicate that this reaggreéation phenomenon

P
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was probably caused by a combination of effects due to pH and the

presence of free molybdate anions which interact with the SDS-LPS com~ \
,/ /

\ ,
plexes. The morphology of isolated LP$ I appeared to be very similar }
&7 /
to that of whole cell LPS in an aqueous solution of SDS, but little
. information was obtainable from the negatively stained preparatioms.

Lipopolysaccharide 11 stained as small rods and doughnut-shaped forms

foe

.. N
which looked.like the SDS dissociated LPS from S. typhimurium (Hanne-
cart-Pokorni et al., 1973). A good negative stained preparation of
LPS I1I was not obtained. It appeared, upon an examination of the

negative stains,that LPS treated with buffered SDS was further disso- ' y

L

ciated during electrophoresfis. The stacked sheet structures that were

observed in the electron micrograph of whole cell LPS treated with

v

buffered SDS were not present in the LPS Il preparation which was

o AR,

separated and isolatéd by SDS-polyacr;Iamide gel electrophoresis.
Instead, rod-shaped and doughnut-shaped forms were found in the nega- .
tively stained sample oF LPS II. These forms were considerably smaller
than the stdacked sheet structures.

Forsberg et al. (1970a) established that the cell eﬁvelope of o
the marine pseudomonad could be separated into layers which represented “

the periﬁlasmic region, the outer tripartite membr?ne and a material %

exterior to the outer tripartite layer. This ability to isolate the *
outer cell wall layers made it possible to determine the distribution

of LPS in the various layers of the Gram-negative cell envelope. The

\
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presence of LPS I and II in each of the cell wall layers would be

expected considering the fact that LPS is biogynthesized at the cyto-

plasmic membrane. In the marine pseudomonad it appears that the LPS

is translocated to the outer layers through the periplasmic region.

This seems reasonable considering that a large percentage of the

N

j:%periplasmic layer 18 LPS I and II; relativé to the quter double-track

20T

“7.~layer (see Table 14). If LPS III is a degradation product of the

other LPS species, as the experimental evidence would seem to indicate,

then it should also be found in all of the wall layers. More informa-

N

-~

tion concerning the structure of the Gram-negative cell envelope is

ﬁecessary to determine how these different forms of LPS contribute to

the overall configuration.
1 1
An 1nt§resting.observation that stems from these results was the
\
large concentration of LPS found in the periplasmic region of the
marine pseudomonad, a finding which is seldom reported in other Gram-

negative cella. Shands (1966), however, did show the presence of LPS

in the periplasmic region in an electron microscopic study using

ferritin-labeled antibody. It was proposed (R.A. MacLeod, personal

communication) that this periplasmic LPS is normally discarded with
the supernatant fluid during the formation of spheroplasts. This
would explain why LPS has not been localized in the periplasmic region
by chemical means. The presence of LPS 17 the periplasm would tend

to refute the mechanism of LPS translocation from the cytoplasmic )

.
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. ®
membrane to the outer double-track by means of discrete attachment

) . points between these two membranes as was proposed by Mihlradt and
co~workers (1973). Ferritin-labeled antibody was used by these |
workers in order to detect the api:eara'hce of newly formed LPS on

/ﬁthe yacterial surface. They concluded from the results obtained

that i:he LPS was found in patches on the cell surface only in areas

- where the cytoplasmic and outer membranes were in close pfoximity.

It does not seem that the resolution of this electron microscopic

wa, ‘?&,ﬁ‘wwmy.wrw — -
[
-
;
.
RO S

technique was fine enough to permit this conclusion.

|
Sodium dodecy1 sulfate-polyacrylamide gel electrophoresis experi-

\
.

; >y
g s

o -

ments indicated, in the present study, that whole cells of the marine

. pseudomonad release LPS into the mediqm during growth of the cells.
|

Radiolabeled gel profiles of the material isolated from the medium

PR

i correspond to the three radiolabeled peaks that are obtained with LPSO
extracted from whole célls. It is not unusual to find LPS in the medium
and mar\ty reports have been pul;lished (Crutchley et al., 1967'; Lindsay
et al., 1973 and Johnson and co-workers, 1975). Normally, low levels
are found unless the LPS release is induced under artificial conditions
such as lysine stg.rvation (Bishop and Work, 1965) or treatment of the 5
cells yith chlorampheni:col (Rothfield and Pearlman-Kothencz, 1969).

/ In all cases reported, medium LPS has been shown to be identical to

the cellular type and appears to represent old cell wall that is cast

et .
S R v S e 3

' off during the normal turnover process (Know et al., 1966 and Taylor i

and co—workers, 1966).
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The deltection of dthe LPS species in the tell wall layers by the
method ‘of SDS-polyacrylamide gel elec‘g:ophoresis led to ‘severall other
important co;tclusions. First, since the.wall layers were soluﬁbilized
and electrophoresed without prior LPS extraction the results, estab-
l1ished that the whole  cell LPS was not degraded by the phenol-water
extraction and subsequent pwrification procedures. Second, the high |
conczentrs,tion of protein in the wall layeré did not affect the migra-
tion 'of the LPS which esta‘blished that tt;e small amounts of contami-

nating%rotei.n %r peptide, found in whole cell LPS preparations, were

not responsible for®thepe1ectrophorecic mobility of the LPS.

One of the characteristics of the SDS—polyaclzrylam!de gel electro-
phoresis system that allows its use for the determination of molecular l
weights is the fact that the SDS masl;s all’ native charges on the sam-

ple thuns making everything negatively charged. This means that samples

should separate on the basis of molecular t;:l.ze and not cha'rge\ differ-
ences (Shapiro et al., 1967). In.the case of LPS, it was found _ttfat
the amount of lipid A.also plays a role in the mobility of the LPS .
apparently «;ue to the binding of SDS to t’he lipid A.. This observation Y
and the non-mobility of dextran molecular weight standards made it |
impossible to use the gel electro;horesis system for the’ determination
of the molecular weights of the LPS species. Sepharose ‘gel filtration ’

o
had been used previously for the analysis of detergent treated LPS

(Rubio et al., 1973) and the availability of carbohydrate sta'ndarda
- A\

0 .
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made this ad appealing method for the estimation of the molecular

sizes of the LPS species, The molecular weight
. |
daltons for LPS I and 3.01X.11F daltons for a mixture of LPS II and

. |
I11 appeared to be exceedingly large for dissociated LPS units when

values of 1.8 x 10°

whole cell LPS aggregates were shown to have molecular weights in
the range of 1 to 24 x 10% daltons (Davies and co—work;rs,1955). i;
the present study the extent of SDS binding to the LPS was not known
but this should contribute little to the overall molecular weiéht.
The reason why LPS II and III were not separable by gel filtration '
was not determined. Perhaps their ‘separation by polyacrylamide gel
eiectrophoresds reflected ﬁhe relative proportizs of lipid A in the
species rather than their molecular size. An additional pro%leg that
arose during the gel filtration experiments, besides the one of not
being able to separate LPS II and III, was the difficulty of completﬁ}y
remgvi;g SDS from the material eluted from the columns. This problem
was overcome by precipitating the SDS with barium chloride. The

actual mechanism of the 'reaction is .not known, however, the most feas-
ible lattice arrangement is ome in which the barium ions are shared
between the sulfate groups omn ne;ghboring SDS molecules. This afford-
ed an easy and e‘fficient method foz; the remova% of SDé from non-

sulfate containing coﬁpounda. Other procedures such as diglysis,
chloroform extraction, or ion exchange chromatography (Lenard, 1971) ’

either did not remove all of the detergent or were extremely tedious.

‘B

g, N AR S
- “oe s vy oy 3 e B R R PRSI > PRS- '.W}: f%m SR

183

L Sy =

(%
2

Mt b o B

:’%;i?? =

o A

at
wiaa e

S
R

G+ Y

e g e ¥
PO R )

-

A
o

g™

Pl

AN



P o s e e ek 6 e R EIL Y | ST T RTINSO R e R R t!»:l #

et

4

‘ 184 4

i

" 4

The biosynthesis of the LPS species remains as the next major §
effort in the study of LPS heterogeneity. Osborn and co-workers (1972a) Vi ’%
elucidated the steps involved in the biosynthesis of S. typhimurium
LPS without considering the existence of several different molecular 4
forms in the same cell. The SDS-polyacrylamide gel electrophoresis v;
system used in the present investigation supplies an assay system for 42
use in the study of the biosynthesis of various LPS species in the cell. ,3
The resolution of the sucrose gradient system used by Osborn was prob- ’-:«\
ably not good enough to obtain the separation of various LPS forms. %.
Although the wod; presented in this study merely initiated an examina- i?

tion of the problem, it is hoped that the methods that were developed

will be refined to permit- the continuation of this investigation in

2 -;.fkﬂ A \?.ﬁi

e “
I

the future. The rapid appearance of LPS I, within two minutes of the
addition of label, follovlred by the presencé of LPS 1I within another
three minutes indicated that the process that was being monitored was
indeed biosynthesis\ rather than degradation. It was unusual that LPS / i
I, which had t:hf h/igher molecular weight, should be synthesized first, -1;
However, this observation, coupled with the following facts, lent -
strong support to the possibility that LPS I and II were biosynthesized T
independently and that LPS II was not a precursor of LPS I: (i) The

compo‘sition of the side chains in LPS I and II appear to be different,
(11) LPS I seems to have a side chain which containsg repeating tetra-

saccharide units while LPS II has a side chain éomposed of repeating

i | -
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trisaccharide units, Lil;opolysaccharide III, on the oéher hand, was'
not detected in the labeling experime;tt,s until late in thé\ logaritl;-
mic phase of growth., It appears, based on this information which
) was obtained from the ﬁulse-labeling experiments, tl;at LPS III may
be a degradation product of LPS I, II or both. Degradation could be 5
- a result of normal cell wall turnm!ter processes due to the action of
an autol}tic en?yme. Environmental conditions during the l;te stages
of the growth cycle of the culture may favc;r an increase in the acti- 7
- vity of an autolytic enzyme, This may explain why LPS III does not
appear until late in the .logarithmic phase of growth. Even though

LPS degradation enzymes have not been found in Gram-negative cell

walls, one has been discovered. .in a coliphage (Reske ‘et al. s 1973).

Not enough information is yet available to confirm this possibility

and a great deal of work remaing to be completed before the LPS

species biosynthetic scheme 1s clear. The present studies should 4

provide the necessary approach and do demonstrate thatl: the LPS gpecies

can be studied in vivo. ’ ' )

The mur'einoplast and protoplast experiments were developed to £
. attempt to answer many of the questions that the previously described
lllbeling study could not. In addition, the mureinoplast and proto- o

plast study can be used to investigate many of the problems that have

been encountered in the study of the biosynthesis and structure of
!

the Gram-negative cell wall.
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(1) The method of LPS translocation from its site of synthesis at
the cytoplasmic membrane to its position in the outer cell wall
is not known. If an LPS carrier molecule is involved or if
LPS is translocated as a cell wall subunit in a complex with
protein or lipid it could be easily isolated from the mureino-
plast medium. This material is found only in thg medium; that
is, it ig not found in mureinoplasts which suggests that the
carrier may not be able to release the LPS if no cell-wall
acceptor site is available or if there is no attachment site
for an LPS-protein wall subunit. The native complex would

simply be translocated into the medium following biosynthesis. |,

|
(11) Osborn et al. (1972a) indicated that some LPS biosynthetic

e

i
s

ot

enzymes may be cell wall bound. If mureinoplasts and protoplasts | Ry

manufacture LPS then all LPS biosynthetic enzymes must be mem %ﬁ

.

brane associated. / ’
b \

\ §

(111) As was discussed earlier, Mihlradt and co-workers (1973) proposed
that newly formed LPS was transported via discrete attachment
sites between oute; and cytoplasmic membranes. They also suggested
that the LPS was distributed on the cell su;face by lateral diffu-
sion from these attachment sites (Mﬂhlfgdt et al., 1974).  Both '
of the above investigations relied upon'electron microscopic

studies using ferritin-labeled antibody. Mureinoplasts could
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' . ’ )
be used, under favorable conditions, to establish whether or »

! u
- not the outer membrane functions as an anchor point ir newly

synthesized LPS. —

(iv) 1t ha; never been es_tablished whether or not autolytic enzymes
exist in the Gram-negative outer cell wall. If they exist
t:‘neyn may play a role in cell wall or LPS turnover. If the LPS
species are biosynthesized by mureinoplasts and protoplasts .

i ' then LPS degradative enzymes cannot be present in the\ marine

pseudc;monad cell wall, provided that LPS III is a product of

LPS I qr II. Lipopolysaccharide heterogeneity then could not

R BT O TR AT T et T T

be the result of digestive enzymatic processes. )

ST SR LY

. Hopefully, this investigation has em\phasized that the structure

R A TS -

of LPS is extremely complex and that this should be considered in

any study on the composition, structure or’biosynthesis of LPS. The

ST TR R
il

‘reason why some bacteria contajh several structurally different forms

or species of LPS remains unknown. It has been postulated that ome

T IS

function of LPS is to create and maintain favorable environments for \,

'

the protection and opergtion‘of cell wall associated enzymes (Coster-
ton et al., 1974). Perhaps structurally distinct lipopolysaccharides
/ are assoclated with specific enzymes and, in this manner, various

regions of specific hydrogen ion concentration and degree of hydro-

phobic’ity are maintained in the same cell wall.

i
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