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ABSTRACT 

. 
Ph.n. Joseph M. DiRienzo Microbiology 

, l , 

STUDIES ON THE iIPOPOLYSAC~IDE OF A MARINE BACTERIUM 

1 

A smooth type lipopolvsaècharide (LPS) was extracted from whole 

cells of a marine pseudomonad (ATCC 19855) with phenol-water. Carbo~ 

l1ydrate ana'lysis by gas-liquid chromatography (GLC) of the alditol 

acetate derivatives of the sugars present established that the LPS 

contained 3% heptose, 5% glucose, 81, galactose,' 8% 2-amino-2-deoxy­
'-J3 

glucose, 12% 2-amino-2-deoxygalactose, 21. 2-amino-2,6-dideoxyglucose, 

and 1% of an unidentified monosaccharide. Sodium dodecyl sulfate 
\ 

(SDS)-polyacrylamide gel electrophoreeis experiments demonstrated 

that the purified LPS isolated was an aggregat~ composed of thr~ 

carbohydrate polymers and suggested that these polymers represented 

various mo1ecular species of the LPS. Lipopolysaccharidea isolated 

from Esahe~ahia aoli 0111:B4 and Salmonella typhimuPium L~2, two 

bacteria which have been used extensively in cell wall etudies, showed 

a similar heterogeneity in the polyacrylamide gel system. The three 

1 Q 

components from the marine pseudomonad, designated LPS l, II and III, 

in order of increasing electroph9retic mobi1ity, were isolated and 

analyzed by CLC. Lipopolysaccharide III wae composed of lipid A and 

the core sugars, hep,tose, galactose and 2-amino-2-deoxygalactose 
, ' 

while lipopolysaccharides 1 and II represented smooth forma of the 

Molecule each apparently having a different O-antigenic side chain. 
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I~ waa deduced t~al the 1 aide chain in LPS l, cons1sted 
1 

2-amino~2-deoxygalactose, 2-amind-2-deoxyglucose, a~d . , , 

of galactose, 

2-amino-2 ,6-. ' 
) 

dideoxyglucose. It was proposed tha) the side C!#in in-LPS II was 

composed of ga14ctose, glucose, an~2-aminO-2-de6xygalactose. A 
ri 

homologous cross-reaction W88 obtained between LPS 1 and II during . . -- , 1" 
double ,immunodiffusion studies uslng a whol~ ~el1 antiserum, how-

, 1 .. 
ever, no precipitin reaction was obse~ed wiFh LPS:tII. The LPS ~ 

~ , 
\ 

speeies were localized in the outer cell wail layers of the marine 

pseudomona~ which 

partite.membr~ne, 

'{', 

. C', 1 

'>J 
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1 
r1epresent th~ pertplasmtc ~egion, the' outer tri-

and material exterior to the 'outer membrane. 
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RESUME 

é 

Ph.D. Joseph M. DiRienzo Microbiologie 

ÉTUDE SUR LE LIPOPOLYSACCHARIDE n'UNE BACTÉRIE MARINE 

... 
Un type de lipopolysaccharide (LPS) lisse fût extrait l partir 

de cellules entiAres d'une bacdrie du genre P8eudomona8 d'origine . 

marine (ATCC 19855), avec un m~lange de ph4Pol et d'eau. L'analyse 

de l'hydrate de carbone par chromatographie en phase gazeuse-liquide 

(GLC) des d~rivi~s d'aeétate d'a1ditol du sucre présent a établi que , 
.;;>:0' 

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

2-amino-2-deoxyp,lucose, 12% de 2-amino-2-deoX1ga1aètose, 2% de 2~amino-

2,6-dideoxyg1ucose et de 1% d'un monosaccharide non identifié. Des 
... 

exp~riences d'é1eètrophorèse employant' un gel de polyacrylamide-sul-

fate dodécy1 de sodium (snS) ont montré que le 'LPS purifé était un 

aggrégat composé de trois polymères d'hydrates de carbone et sugg~rent 

que ces polymères rep~é~entent diverses espèces moléc~laires du LPS. 
, \ 

Les l1popo1ysaccharides extraits de E8ahePiohia coli 011l:B4 et de 

Salmonella typhimu:t>ium LT2, deux bactéries qui ont été abondamment 

utilisées dans les études de l'enveloppe cellulaire, montrèrent une 

hétérogenéité similarie dans le système à base de gel d'amide po1y-

acrylique. Les trois composants du LPS dè la pseudomonade d'ori&ine 

marine, désignés LPS 1, II et III, par ordre croissant de mobilité 

électrophorétique, furent isolés et analysés par chromatographie en 

phase gazeuse-liquide. Le 1ipopolysaccharide III était composé d'un 
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. lipide' A et d'un centre ~ base dei sucres d' heptose, galactose et 2-

andno-2-deoX1galactose, alors que les 1ipopo1ysaccharides l,et Il 
( 

'" représentaient des formes lisses de la mol'cule, chacun ayant appar-

chaIne antig~ique-O diff'rente. On a d'duit que la 
1 

ale dans le LPS l ét4it composée de galactose, de 2-amino­
\ 

2-amino-2-deoxyg1uçose et de 2-amino-2,6-di-

Il fut propos' que la chatne lat 'raIe de LPS II était , 
~ 

formée de g~lactose, glucose et de 2-amino-2-deoxygalactose~ Une r'ac-
1 

tion'croisée homologue entre le LPS l et II fut observée durant des 

4tudes d'immunodiffusion double utilisant un antisérum pr'paré à par-

tir de cellules entières, et pourtant, il n 'y a pas eu de réaction de 

pdcipitines observ~e avec lJ! LPS III. T.es diff'rentes espèces de LPS 
1 

furent loca1~sées dans les couches extérieures de la paroi cellulaire 

de la bactérie d'origine marine J que repr'sentent la region périp1as-

mique, la membrane tripartite extérieure et une substance extérieure 

à la membrane elle-même. 
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F' C LAI M of CON T, RIB U T ION S to t N 0 W LED G E 

1. Th~ lipopolysaccharide (LPS), as extracted from whole cells 
l ' 

of the marine pseudomonad, vas an aggregate compdsed of three 
1 

compositionally distinct species. Evidence was presented which 
1 

implied that two of these species (LPS 1 and II) contained lipid 

A, core, and side chain regions while the other (LPS III) consis-

ted of lipid A and core. 

l 
1 • 

2. The LPS specles were isolated by preparative sodium dodecyl 
\ 

sulfate (SDS)-polyacrylamide gel electrophoresis and were shawn 

to be completely homogeneous. 

3. The carhohydrate compositions of the LPS species vere deter-
1 

mined by gas-1iquid chromatography of the corresponding a1ditol 

acetate derivatives. lt was deduced from the molar ratios of 

'", the carbohydrate componen ts in the LPS species that the side chain 

repeating unit in LPS l c~isted of a tetraskccharide containing 

galactose, 2-amino-2-deoxygalactose, 2-amino-2-deoxy~lucose and 

2-amino-2,6-dideoxyg1ucose. It was also Inferred from the dati 
,-.-

that the side chain repeatlng unit in LPS II was a trisaccharide 

composed of galactose, glucose and 2-amino-2-deoxygalactose. These ~ 

conclusions suggested that two differe~t 0 antigens existed in 

the same bacterium. 
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4. Compositional· analysis of the LPS suggested that the unusual 

monosaccharide, 2-amin~-2,6-dideoxyglucose, was an O-antigen-speci-

fic componen t • 

, 1 

5. A homologous cross-reaction was observed between LPS l and 

II when they'were reacted with a whole cell antiserum. Consequent-
1 

ly, there was a serologieal cross-reaction between two different 

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

6. ~e LPS species were localized and quantitated in the peri-
\ 
plasmic regian, the outer tripartite membrane and in a loosely 

bound cell wall layer exterior to the outer membrane. They were 

a1so present in the growth medium in late logarithmic phase cul-

tures. 

7. Attempts were madJ to l'examine the biosynthesis of the LPS 

8. 

molecular species. Lipopolysaccharide l vas synthesized rapidly 
b 

and vas closely followed,within severai minutes, by the appear­

anee of LPS II. Species III did not a~pear until cultures reached 

the late logarithmic phase of growth. 

A systemwas developed for studying the bio~ynthesis of LPS 

in the absence of preformed cell wall. Mur~inoplasts and proto­

plasts of tHe ~r1ne pseudomonad vere metabolicalli act1~e, pro-
1 

\ 
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10. 

duc~ng high molecular weight macromolecules which were found 

only 1n the growth medium. 

An electron microscopie study of negatively stained samples 

demonstrated that the marine pseudomonad LPS was disrupted in 

the presence of SDS and was further dissociated during SDS-poly-
, 
t 

acrylamide gel electrophoresis. 

Various electrophoresis buffers were examined for their 

effect on the migration of the marine pseudomonad LPS during' 
1 1 \ 

polyacrylamide g~l electrophoresis. The results indicated that 

the,. electrophoretic mobility of the LPS was due ta the presence "L 

of ~DS in the electrophoresis buffer. The migration of the 

lipid A and degraded polysaccharide portions of the LPS molecule 

in the SDS buffer was a1so tested. The results favored the 

existence of an SDS-lipid A complex in this system. lt was\ 

shawn that the migration rates of the LPS species were related 

to the relative amounts of lipid A that were present. 

11. lt was established that the marine pseudomonad LPS was ex-

ten~ively labeled in the polysaccharide chain when cells were 

cultured i~ a medium containing [l~C]galactose. The lipid A 

",,'~ "portion of the molecule was iabeled only in the 2-amino-2-deoxy­
..... 

glucose residues. The degraded polysaccharide porti~ of the 
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LPS had a specifie activity which was ten-fold higher thari that 

"" of the l1pid A. 

12. The I1popolysaccharides fram the marine pseudomonad variant 
1 

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

by SDS-polyacrylamide gel electrophores1s. The spontaneous œuta-

tian from variant 3 to variant l, tba,t occurs vith this organism, 

W8S not related to LPS structure as is the smooth to rough trans­
-ta 

ition that is observed with some Gram-negative bacter1a. 
'" 

13. An efficient and simple method of removing SDS fram non-

sulfate-containing biologiesl samples vas developed based upon 

precipitation vith Bael2' 

. , 

14. lt vas demonstrated that NeiBBe~a men~rigitidi8 LPS vas 
, 

homogeneous as visual1zed on SDS-polyacr~lam1de gels. 
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INTRODUCTION 

Lipopolysàccharide (LPS) represents one of thé major cell wall 

macromolecular components in Gram-negative bacteria an~ blue-green 

algae. An unusua1 and intriguing characteristic of many 11popo1y-

saêcharides is their complex heterogeneity or self-aggregation. The 

èâ~ly studi~§,Yon the heterogeneity of LPS were concerned with the 
~'r- , 

effects tha~~~~90ciation of the endotoxin had on its biologica1 

activity. For instance, Oroszlan and Mora (196~) discovered that a 
1 
certain size aggregate of Se~tia m~ae8aen8 LPS was necessary to 

achieve tumor-damaging potential. Other investigators performed more .' 
detalled physical-chemical experiments on LPS extracted from the whole 

cells of a number of bacteria (Olins and Warner, 1967 and Mclntire 
i 

and co~orkers, 1969). The results established the macromolecular 

heterogeneity of lipopolysaccharides from Aaotobaote~ vinelandii and 

Esaheriahia aoli. Knowing the' chemical composition and probable 

structure of the components that comprisèd the LPS aggregate was 
'- ,\ 

essential in order to define LPS heterogeneity and to establish the 

re1ationship, whether it was biosynthetic or otherwise, among the 

components. Koeltzow and Conrad (1971) attempted to separate and 

characterize the LPS components in Ae~baate~ ae~gene8 and succeeded 

" in showing the presence of a lipid A-core unit and a lipid-A-core side 

chain form of LPS 10 this bacterium. Although it was suggested that 

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 ~ 
1 

isolated from a rough strain of E. coti ,demonstrated
l 
the existence 

of three core structures. One of the three core olig~saccharide8 
• n 

appeared to be an LPS b1osyntheti~ precursor, however, this rematned 

to be experlmentally establis~ed. Other studies, of major importance 

in LPS research, that were concerned with LPS biosynthesis and trans-
~ 

location fr~m ~ts sit\~f,:;:thesis t9he outer cell wall, have 

completely ignored the pàlsible existence of different species of LPS 
1 

(Osborn et aZ. ~ 1972a and Kulpa and Lelve, 1976). , 

, . 
Itwas'the aim of the present study to carefully examine the 

nature of LPS heterogeneity in a marine pseudo~ad (ATCC 19855). 

Besides attempting to lsolate the LPS agg~egate componènts and to 

de termine their composition, a special effort was made to establish 

that LPS heterogeneity was not the result of degradation due to ex-
q 

\ traction or purification procedures, to 10calize the components and 

to demonstrate their in vivo biosynthesis. lt was hoped, that these 
.-

findings would extend the observations of the other heterogeneity 

studies. The present study was a continuation of the LPS research 

begun in this laboratory. O'Leary et aZ. (l97~) originally isolated 
, 

l ' 
LPS from whole cells of the marine pseudomonad and determined its 

"" chemlcai composition,. Later, Nelson and Macleod (submitted for pub-

lication) indicated that the marine pseudomonad LPS may be hetero-

geneous and they localized the whole cell LPS in the outer celi wall 

layers by double immunodiffusion experiments. This represented some 
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of the only ava~lable da~a ~oncerning the composition an~ heterJgen-
, 

eity of lipopolysaccharides isolated from marine bacteria. 
, 

-' 
The Immediate goal of isolating and characterizing tfiè 1I18rine 

paeudomonad LPS aggregate components was realized ~nd a definite 
o 

correl~tion was demonstrated through aecomparison of their carbohy-
1 

l ' J 
drate compositions. Hopefully, this study aupplied the sufficient 

techniques and analytical information necessary to achieve the long 

range goal of elucidating the biologieal basis of LPS heterogeneity\_ .. 
, 

The thesis is divided into four sections, the first section'is 

eoneerned wi~ characterizing the whole cell LPS. This LPS ia termed 

"vltole èell" to distinguish it from the l.s01ated asgreglte component;{ 

designed LPS l, II and III. Part II is a transition section which 

bridge~ the study of whole ce Il LPS and tlat of its constitutive 
o 

o parts by establishing the methods used in the sep'aration. The, char-' , 

aeterist:f"cs and r~lat1onshiP o~onents are examined in 

section III while the final section initiates the biosynthetie 

investigation of the LPS species emphasizing' the methods tha~ were . ~ 

emplo!ed. 
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LITERATURE 

.. ,. 
BACTERIAL LIPOPOLYSACCHARIDES 

REVIEW 

\ Lipopolysaccharides are complex macromolecular components of the 

Gram-negative cel1 envelope and have long been recognized as the 

1. bacterial endotoxin. Consequently, a great deal of research vas de-

voted to ,finding efficient methods of isolation and purification of 

this important compound. Detailed investigations into lipopolysacchar-

ide (LPS) structure and biosynthesis were performed and its location 

vithin the cell envelope vas studied due to its role as a permeabil-
( - ~ 

r ' 

ity barrier and as a pyrogenic and immunogenic substance. These 

suhject areas, involved with the'study of LPS, viII he discussed 
"'f 

through an examination of the pertinent ,literature. 

IsoLation, pUI'ifioation, and 8t~oture ., 

If 
Boivin and Meserob~anul (~935) were-- the first ta isolate a crude 

preparation of LPS, however, not until the phenol-water proce'ure,of 

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

compositional and structural studies of LPS unfold. Thè advantage of 
o ... 

this extraction procèdure was that the LPS,preparation was isolated 
~ 

relatively free of loosely bound protein and lipid. The'LPS vas ex: 

tracted in the,vater,phase while the protein and lipid was solùble in 

the phenol phase. The protein-free LPS preparfttions that vere obta~ned 

by this method vere more desirable for use in immunological ~tudles; 
\ 

the Boivin-type antigen vas too heterogeneous. Many variéd extrac-
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tion procedures were subsequently employed and a report by Nowotny 

and co-workers (1963) adequately reviewed and compared them. The 

phenol-water procedure as originally ~onceived, ia still the most 

widely used method for the isolation of LPS with the only exception 

being the phenol : chloroform ~ petroleum ether procedure for the 

extraction of LPS from R mutants (Galanos et aZ.~ 1969). The latter 

method was more convenient and 1ess time consuming than the aqueous 

phenol procedure, but, it di~not extract smooth forms of LPS. 

When LPS is extracted from cell envelope preparations with aque-

ous phenol it is essentia11y pure, however, whole cell extracts are 

contaminated with nuclelc acids because of the Bolubility of nucleic 

acids in the water phase. General1y, the nucleic acids were removed 

with nucleases, by ultracentrifugation, precipitation with cationic 

det~rgents such as cetyltrimethy1ammonium bromide or by a combination 

f these treatments (Westpha1 and Jann, 1965). A more recent method,. 

which w discovered for the puriUcation of LPS, was column chroma-

tography on Sepharose gels ~omanowska, 1970 and Rubio and Lopez, 

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 volume. 

5 
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The general architecture of purified lipopolysaccharide appears to be 
Il • ' 

as follows: 

.. 
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l1pid ,A -1 {KDO)n - Hep - Hep - G1~ GleNAc 
1 l '-.. ~ 

l , l "'" Gal - Rha -
I+--:-backbone --+: Gal - Glc t 
1 I+-outer core--+: 

1 1 
, : ~~-------core --------.. .. I+--side chain--"'· 

(O-antlgen) 

(Osborn, 1969) 
1 

The figure presented is of SalmonelLa typhimul-ium LPS, however, most 

lipopolysaccharides contain a genera1 structure conslsting of lipid A-

core-side chain. 
\ netailed structural studies regrettably were, for 

the most p~rt, conducted on Salmonella species and EBoheriohia ooli. 

In the latter, the lipid A regian includes two 2-amino-2-deoxyglucose 
\ 

residues as a basal structure to which are attached acety1ated long 

chain fatty acids and hydroxy âcids (Burton and Carter, 1964). Although 
l. 

the fa~ty acids may differ in various strains the glucosamine basal 

unit appears to be a universa1 structure. A few exceptions exist, but, 

'the substituted component has not been identified (Wilkinson et al.~ , 
1973). In a 1ater study Gmelner et al. (1969) establ'ished that in 

Sa1.moneZla the lipid A contalned a phosphorYlated glucosaminy1-g1uco­

samine disaccharide unit linked B (ls6). There was a great deal of 

speculation concerni~g th~ nature of the structural linkage between 

lipid A and the backbpne region. Studies were complicated by the 

fact that 2-keto-~-deoxyoctulosonic acid ([DO) was extremely ~cid 

labile, ther.fore, lt va ••• ually destr.ye~ wh .. attempt. we~ 
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to isolateltbis material. Despite these difficulties, Dr8ge and co-

workers (1970) were able to demonstrate that in SaZmoneZZa the bridge 

connecting lipid A to the core consisted of a KDO trisaccharide., 

Reptose was b~und to the non-reducing terminal KDO and the KDO at the 
, 

reducing end of the carbohydrate chain was ketosidically linked to 
" , 

the llpid A. The third KDO mol~cule formed a branch off of the·re­

ducing end of the disaccharide and it was a180 established tha~ phos­

phorylethanolam!ne was attached to this KDO branch. 

The structure of the core fraction was e1ucidated through the use 
, j 

of rough type mutants. Lüderitz et al. (1965) discovered that strains 

of SaûnoneZZa that gave rise to colonies having a rough morpho1ogy 

eontàined LPS which lacked 0- specifie side chains and they e1assi-
1 

fied these cells as R (rough) forma. lt was found that stratns which 

had a Bmooth appearance contained side chains and were designated S 

(smooth) forma. Intensive immuno1ogical studies were performed on a 
,. 

series of SaZmonella and E. ooU mutant strains and the results 

suggested that the core region was usually species-specific (LOderitz 
1 

and co-workers, 1966). The core regions of LPS from various bacteria1 

speeies were foun~ to be composition~lly but not atructura11y âiff-

erent. Structural investigations showed that the O-antigenic side 

chain of the LPS MOlecule was usua11y composed of repeating units of 

an oligosaccharide. Studi~s on this fraction were performed using 

chemical and immunologlcal\procedures and the serological specificity 
u ' 

of·the O-antigens from strains of E. coli and S. typhi~um bas been 

.... /, .. , .. , j 1 Q. ''''\ 
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thorough1y reviewed by LUderitz et al • . (1966). The collection of 

information concerning the structure of the side chains fro~ strains 
}~~'/ 

of these'two bacteri,l species led to an elaborate system and list-

ing of chemotypes which was of immense importance in clinica1 in~es-

tigations. 

The information\which 1ed to the formulation of the structure 

of bacteria1 lipopo1ysaccharides was obtained primari1y from studies 

on.~. aoZi and SalmoneZZa species. 1 Lipopo1~saccharide research using 

other Gr~m-negative bacteria was devoted primarily to its chemica1 
\ \ 

composition as opposed t~ its actual structure. The initial investi-

gations on the composition of Pseudo~as lipopolysaccharides vas 

confined to P. aePUgino8a (Clarke et aZ., 1967; Fensom and Gray, 1969; 

and Chester e~ aZ' J 1972). These studies estab1ished that the chemi-

cal composition of Pseudomcmas LPS was basi cal1y the same as that 

found in ente~ic bacteria. In addition, Humphreys et ai. (1972) dem­

onstrated that the l1pid A in P. aeruginosa tas not unusua1 in com-
1 

position and Chester and Meadow (1973) showed that the serological 
\< 

specificity of the LPS fro~ ~his organ1sm 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 resu1ts 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-

.a11 composition was demonstrated to be siud1ar to other bacterial 
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l1popolysaccharides •. 
\ 

, 1 

Praetically no information was available eoncerning the strueture 

and composition of LPS from marine bacteria. In Vibttio.. mat"inus only 
( 

'ipid At KDO, h~ptose ~d glucose were reported with no quantitation 

4 of these compqnents (Deneke and Colwe11, 1973). They did estab1ish, 

however, that this LPS was of thè R form. Mongill0 et al. (1974) 

showed that the LPS from a marine bacterium contained lipid A, glucose 
jJ 

and galactose but lacked KDO and heptose. tt seems odd that they were 

able to isolate lipid A by ,a mild acid hydrolysis with no acid labile 

ketosidic linkage present. The data s)Fgested that the LPS was an 

R type but the lack of the specifie ~kbone su gars makes an interpre­

tation difflcu1t. O'Leary and co-workers (1972) performed detailed 

c::mical analyais on a marine pseudomonad LPS ~e su~ts were 

similar to those obtalned for other Pseudomon lipopolysa~lrarides, 

H~el'Ogene{, ty , ~ 

It has be~n known ever sinee bhe phenol-wa er extraction proce-

dure was firat developed that LPSipreparations, isolated by this method 

and purified by the remova1 of nucleic acids, were amorphous aggregates 

of extremely large size (Westphal and co-workers, 1952 and Davleaet 

al.~ 1254). Numerous studies were subsequently initiated in an 
" 

attempt to analyze and define these LPS aggregates. As will be evident, 

through a review of the literature, the question of LPS aggregation, 

or he;eroge~eity)was not easy to accurately. answer. It had to be 
" ' 

., 
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established whether heterogeneity represented physical, chemical or 
, 1 

biologieal differences, or a combination of these, within extracted 

LPS preparations. 

It was proposed, in early studies, that a certain aggregate size, 

as determined by analytical ultracentrifugation, may be nece~sary 

for LPS pyrogenicity or tumor-damaging ability (Ribi et aZ., 1960 and 

Mora and Young, 1961). These studies coneluded that LPS from SaLmon-

eZZa entezoitidie and Ser-ratia mareeBcen8, respeetively, exhibited 

considerable hete~ogeneity. Oroszlan and Mora (1963) used the teeh-

niques of cesium chloride density gradient centrifugation and analyti-

cal ultracentrifugation tQ examine the LPS from S. mazoaeBaenB. Two 

fractions were obtained from the cesium c~loride gradient. The frac­

tion wh~ehftad the lower density produced tumor necrosis in mice while 

the higher density fraction did note When the biologically active 

low density fraction W8S analyzed in sedimentation velocity experiments 

the schlieren pattern showed a large amount of fast sedimenting mater-
1 

ial (15.8s) and a re1ative1y sma11 amount of slow1y sedimenting mater-

'ial (3. 9s). However, when the experiment was repeated using the same 

fraction treated with sodium dodecyl sulfate (SDS) a single peak which 

had a sedimentation coeffi~ient of 2.8s was obtained. The SDS-treated 

low density fraction did not produce tumor necrosis. If the SDS W8S 

removed the materia1 reaggregated to form 3.5s and 18.8s peaks and 

regained tumor-necrosing ability. These workers concluded that S. m~ 

ce80en8 LPS was dis80ciated by SDS to a "subunit" which was represented 
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. by the 2.8s materia!. This "subunit" was responsible for twaor-nec-

rosing ability but only in an aggregated state. The,aggregated state 

conslsted of the 15-188 material. The fsct that SDS dissociated the 

LPS suggested that the aggregste W8S held together by hydrophobie bonds. 
, , 

The results ean be interpreted in two different ways. According to 

the'bioassay, tumor-necrosing ability, the LPS wou1d have to be 

c1assified as heterogeneous aince' the low density fraction exhihited 

tumor necrosis but the high densicy fraction did note However, based 
\ 

on the sedimentation velocity experiments perform.ed ih the presence 

of SDS, the LPS apparently eonsisted of a single "subunit" which 

simply aggregated when SDS was removed, to form the fractions baving 

various buoyant densitÎès. Depending upon which criter~on was used 

the LPS eould be termed heterogeneous or homogeneous. 

Il 

The investigation by Orosz1an and Mora (1963) was extr~mely s~g- 1 
• 

nificaut bécause it set the trend or direction tbat subsequent hetero-

geneity studies wou1d follow. Mclntire'8t aZ. (1967) treated an E. 

ooZi LPS with SDS, subjected the LPS to alkaline hydroxylaminolysis, or 

succinylated the LPS and, in each ca~e, showed little or no evidence 

of heterogeneity in sedimentŒtion velocity studies ~s wel~ as in 

.oving boundary electrophoresis and agarose gel permeation chromato-

graphy. Furthermore, SDS did not reduce the pyrogenicity of the LPS 
1 

~ as measured in rabbits. Rudbach and Milner (l968) examined lipopolysac-

eharides from E. coU and SaZmonetza- entël'i:t;i.dis_by analytical ultra-
~ .,. 

centrifugation and found that SDS dissociated the LPS preparations 

" 1 '1~~ 

l
';f! .. , 

,1 

~I 
1 
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\ 

from a 7s fraction to 1-2s fractions. However, LPS that was treated 

with concentrations of SDS ranging from 0.25 - 2% did not show any 

a1teration in pyrogenicity as measured in rabbits. In another study 

ShigeUa fl~:mePi LPS ~as treated by heating in citrate buffer (Hanue-

cart-Pokorni and colleagues, 1970). 
1 

1 
Di~sociation was determined, as 

in previous investigations, by analytical ultracentrifugation. A 
\ 

fra~tion whi~h had a sedimentation coefficient of 11.38 at 85 C under-
\ il 
\ 

went a series of thermal transitions as the temperature was increased 

to 100 C. A' ~imilar dissociation oeeurred when th; LPS vas trested . 

-with sodium deoxycho1ate (NaD). lt was shawn that the smallest frac-

1 

tion that was obtained in the sedimentation velocity experiments 

still retained toxicity and the ability to act as a phage receptor. 

This the~l ~reatment may caus, hydro1ysis of some labile bonds w1th1n 
? 

the LPS a~gregate and must therefore be interpreted with caution. Olins 

and Warner (1967), in a detailéd physical study, showed that LPS, 1so-

lated from Azot;obactez- vine'tandii, was dissod.ated to a fraction of ' , 
\ 

134,000 daltons with ethy1enediaminetetraacetate (EDTA). After dialysis 

the LPS reaggregated having a molecular weight of 873,000 daltons. 

~en the LPS was treated with a mixtuœ of EDTA and SDS a dissociated 
1 

fraction wtth a molecular weight of 65,600 daltons was obtained. Thus', 

the original findings of Oroszlan and Mora (1963) were not extended 

1 

by these subsequent studies. Most of these in,!estigations did, how-

ever, confirm that LPS preparations could be dissociated ta a single. 

"subunit" • Thère was no indication that this "subunit" eould be 

\ 
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further separated by other analytica~methoda. Also, th se latter 
\ 

studiea did not substantiate the earli~r coneluaion\that S-disso-

ciated LP$ loses ita biologieal activit~ 

The observation that an LPS preparati~ cou1d be di8sociated and 

then reaggregated (Oroszlan and Mora, 1963) was also reported by 

several other workers. Ribi et al. (1966) ex~aeted LPS fram E. apli, 
\ 

BozadeteZZa penussis and S. enteritidis and found that these prep~r-
\ 

attons were dissociated by NaD to approximate1y 2~X 10' da1 on~\-

t'ions. If the NaD was removed by dialysis the LP~ rations \ 

reaggregated ta approximately 5 - 10 x lW daltons~ \ The dissociatio~ 

and reaggregatiQn of the LPS was confirmed by ele~tr~ m!croscopy 
\ 

using negatively stained samples. Similar results were obtained with 

lipopolysaccharides whieh wer~ isolated from several s~ecies of Sat-
r''- \ , ' 

13 

monet.Za (Hannecart-Pokomi et al., 1973). These worker!lSO used 

the met~~ds of analytical ultracentrifugation and elect'r microBcOPY .' 

to,observe the dissociation and reaggregation of the lip olysaccharides. 
l ' , 

~ t 
The ava~lable information obtained from the previous ~tudies still 

did not lend itself to a clear definition of LPS heterogeneity. In 

fact, it was diffieult to dis cern whether LPS samples w~re heterogen-

e9us. It appeared that LPS preparations were merely aggregates of a 

single ~pecies which was found when LPS was dissociated and then sub-

jected to analytical ultracentrifugation. PQysical studies alone 

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

\ 

1 

\ 
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cheDdcal ana1ysis of the\isolated species was a1so necessary. Le ive 

et al. (1968) found that 30 - 50% of the LPS in E. coti could be,ex-

tracted from the cel1s by treating them with EDTA. The rest was 
\ 

removed ~y the phenol-water extraction procedure. The compositions 

of these two LPS fractions were extremely similar, containing equiva­

! 
lent molar ratios qf KnO, heptose, glucose, galactose and co1itose. 

The EDTA-extractable LPS was separated into two additional 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 two~, 

different extraction procedures, probably indicate the existence of a 
, 

free form and a bound form of LPS. The analytical ultracentrifuga-

tion analysis suggested that the total LPS (both EDTA and phenol-water 
1 

, extra~ted) may be heterogeneous, however, this analysis was not per-

formed on phenol-water extracted LPS alone. This was tbe first study 

in which the separated LPS fractions were analyzed chemically. 
\ 

McIntire and co-workers (1969) chromatographed E. coli LPS in 1% NaD 
\ 

on a co1umn of Sephadex G-lOO. Three major peaks were obtained and 

gel filtration.studies indicated that the y had different mo1ecu1ar 

weights. However, equilibrlum sedimentation data indicated that they 
~ 

were approximate1y the same size, 113,OOO~ 118,000 daltons. Chemieal 

analyses were performed on the mate rials from the three peaks and 

the analytica1 d~ta showed that ther~ were distinct quantitative but' 

, 1 
Dot qualitative differences among the neutral sugars, phosphorous, 

J 

ft 
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lauric acid and B-hydro~istie acid., Koe~tzow and Conrad (1971) 

also showed that LPS was heterogeneous, however, their work was 

interesting since they employed Triton X-lOO as the dissociating 

agent. Many of tbe LPS heterogeneity studies utilized ionic com-

pounds such as SDS and NaD. A crude LPS preparation from Ae~obacte~ 

- ae~ogene8 was treated with 1% Triton X-100 and fractionated on a 

TIEAE-ce1lulose column with the detergent present in the eluting 

buffer. Three LPS fractions were obtained, one of which contained 

very littlè total carhohydrate. Detailed chemical analyses were 

~erformed on the remaining two major LPS fr~ctions demonstrating that 
\ 

they both contained lipid A portions, KDO and heptose lt appeared 

that one LPS fraction represented a rough type LPS (containing lipid 

A and core only) and the other may he a smooth form (lipid A-core-

side chain). lt was hypothesized that the rough type LPS fraction 

represented a biosynthetic intermediate. This report was one of the , 
first to attempt to define the components of an LPS aggregate in 1~ght 

of their structural re1ationship to the whole LPS. lt wou1d seem 

that a comparison of the carbohydrate and lipid ~ contents of the LPS 

fractions wou1d be the only meaningfu~ way to deseribe LPS hetero-

geneity. 
- 1 

Since dissociated LPS preparationsjwere .eparated into more 

thsn one species by gel permeation and ~onexchange chromatography the 

resolution that was obtained in ear1ier'studies, using the method of 

analytical ultracentrifugation, seemed to be inadequate. 
1 
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" In ~ther LPS heterogeneity etudies the technique of polyacryl-

amide gel èlectrophoresis was employed. Reports iri the 11terature 
, 

indicated that LPS could be electrophoresed on polyacrylamide gels 

(Rothfield and Pearlman-Kotherlcz, 1969 and Osborn et aZ., 1972b). 

II! 
These experiments did not use extracted LPS but Gram-tegative ce II 

wall complexes and the results were not elaborated on for the purposel 

of demonstrating LPS heterogeneity. DiRienzo et at. (1974) used SDS 

treatment in combination wit~ the techniRue of polyacrylamide gel 

electrophoresis to show that lipopolysaccharides from several bact-

eria were heterogeneous, thus confirming the results obtained in the 

previously mentioned studies. This investigation established that 

heterogeneity was not the result of extraction or preparative proce- II 

dures. These results were later supported by Jann et af' (1975) who 

a1so implied that the LPS fractionation that was obtained on SDS-poly-, 

acrylamide gels was the same as that observed on Sephadex columns. 

Later, DiRienzo and MacLeod (1976),using LPS isolated from a marine 

pseudomonad, determlned the carbohydrate compositions of the LPS frac-

tions that were isolated from the SDS-polyacrylamide gels. The carbo­

hydrate compQsitions suggested that the LPS from this bacterium Jas 
, ( 

1 

an aggregate containing three compositionally distinct species. ' 

In a separate study, LPS from a rough strain of E. coti was hydro-

~. lyzed, then dephosphorylated and subjected to paper chromatography 

(Fuller and co-workers, 1973). The oligosaccharide mixture was resolved 

into three compo~ent8 which weTe exhaustively purified and structurally 
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J 
analyzed. Two of the oligosaeeharides that ~ere isolatedo were shawn 

to be involved in the process of core elongation
w 
in LPS biosynthesis, 

however, no"role could be assigned to the remaining oligosaecharides. 
, 
The results have to be carefully evaluated since hydrolytic procedures 

were involved in the isolation of the LPS components. Emphasis was 

now being placed on compositional and structural variation within 

LPS preparations, as isolated from whol~ cells. As more refined teeh-

niques were applied to separate LPS species a clearer picture of the 
1 \ 

hetero~eneity of lipopolysaceharides was obtained. 
1 \ 

"-
Most of the studies on LPS heterogeneity have been condueted on 

LPS extracted from enteric baeteria. Lipopolysacchariae from Pseudo-
L} 

monas aeruginosa was also found to be heterogeneous. A protein-LPS 
\ 
f 

aomplex from this bactertum was chromatographed on Sepharose 4B (Rubio 

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

with and without Na1' in the elution buffer. If NaD was not included 

in the buffer three peaks were obta~ed ~nd'when it was present only 
<l '~l ~ 

(0' 

one peak, corresponding to ,that of the lowest moleeular weigh~, was 

observed. The chromatographie results were eonfirmed by electro-
, 

immunodiffusion experiments and equi1ibrium sedimentation analysis. 

Day (1973) examined the behaviour of P. ae~gino8a LPS during isoelec-
, 

, tric foeusing in 8'5% ampholine ampholite car~ier (pH range 3 tà 10). 

The LPS, dissolved in 6 M urea, spread over <the entire range of the 

ampholite with the majority of the LPS dispersed from pH 7.0 to 10. 
\ 
" 

l , , 
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Many of the LP~ preparations that were examined demonstrated 

heterogeneity whieh tends to invalidate any attempt to determine the 

~olecu1ar size of LPS which is extracted fram whole cells. Davies 
, 

et aL. (1954) determined that whole cell aggregates were fram l-to 

24 J:< 106 daltons. Lüderitz" and co-workers (1966) reviewed some of 

the additional molecular size data for bacteria1 lipopo1y,saccharides 

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 ~ loS daltons with a 

concurrent removal of fatty acide. Alka1i cleaves long chain fatty 

,cid esters whi,ch could be responsible f,or LPS aggregation through 
1 

Van ~er Waals attraction. Sodiùm dodecyl sulfate, on the other hand, , 

disrupts hydrophobie bonding within the 1ipid A portion of the LPS 
" 

and hydrogen bonding witbin the po1ysaeeharide ehain. The mo1ecular 
~ 

size of. an LPS isolated from a roughostrain of Salmonella was ca~~u-

lated as 10,300 daltons by sedimentation equi11brium analysis (Romao 

et al., 1970). The ~PS was acety1ated in order to make it soluble in 

benzene which was used as the solvent during measurements. lt was, 

established that the acetylation proce8~~did not cleave covalent bObds. 

Biosynthesie 

Tr~ most complete LPS biosynthetic scheme was elucidatedlUSing 
1 A 

• the genus Salmonella. The isolation of mutants which were blocked in 

the synthe sis "9f spec1lfic nucleot,ide sugars fac.1litated the study of 

\ 1 
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1 
LPS biosynthesis when it was discovered that these cells were also 

J 
LPS-deficient (Fukasawa and Nikaido, 1961 and Nikaido, 1962). l~en 

~:~, 

an exogenous supply of-the specifie sugar was availab1e a complete 

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

using just such a mutant, demonstrated that galactose was added to 

,,"' 

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

vit y was localized in the cell wall ~articulate fraction fo11owing 

sonication of the whole cells. The reaction was stimulated,by the 

P1resence of Mg2+ or Mn 2+ • In a sedes of investigations it was then 
1 

shawn that the remainlng core sugars were added to the deflclent LPS 

in a sequentia1 manner by the action of a series of glycosyl trans­
~' 

ferase,enzymes (Rothfie1d et aZ' J 1964 and Osborn and n'Ari, 1964). 

As each mbnosaccharide was added the newly elongated core acted as an 

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

added in a specified order. 

The cell envelope preparations wereactlve acceptora for the 

transferase enzymes, however, purlfied'LPS was note If ce1l membrane 

1ipids were added back to the purlfied LPS preparation the acceptor 

activity was restored (Rothfield and Horecker, 1964). It was dis-
J 

~ 

covered that the 1ipid affected the strctu~e of the LPS and not the 

enzyme" in the incuba tion mixture. 
\ 

The action of membrane 11pid on 

Ithe LPS biosynthetic mechanism has been thoroughly summarized by 
, 

Rothfield and Romeo (1971). The major ce11 enve10pe phospholipid, 
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phosphatidylethanolamine (PE),was the active compound in the lipid 

fraction which was invo!ved 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 o(~ mixture of LPS and PE 

(Rothfield and Pear1man, 1966). Mon11ayer experiments indicated that 

the phospholipid organized itself in~Q a binary film which was easily 

penetrated by the LPS. This mo!ecular arrangement was an active ' 

acceptor, without prior heating of the complex, when enzyme and sub­

strate wele added. These findings suggested that the binary LPS-PE 

complexes cou1d represent a mixed bilayer in the cel! envelope 

(Roth field and Rome, 1967). The components of the system had to be 

added in a specifie sequence in order to induce the transferase 

enzyme activity; that is, the LPS-phospholipid complex had to be 
l 

formed prior to the addition of the enzyme. If enzyme was added to 
J 
the film before LPS it appeared to ~lock the incorporation of the LPS 

(Weiser and Rothfie1d, 1968). 
~ 0 / 

The O-antigenic side chain of the LPS molecu1e was biosynthesized 

separate1y from the core by a completely different mechanism than 

that pertainlng to core synthesis. As in the study of core biosyn-

thesis, the literature pertaining to the synthesis of the side chain 

has been exten'sively reviewed by a n~ber of workers (Osborn, 1969 
1 

and Rothfie1d and Romeo, 1971). A lipid was implicated as the carrier 

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

Il 
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of the G-antigen (Wright et aZ.,l965 and Weiner and co-workers,l965). 

The single tetrasaccharide side chain unit was synthesized by the se-

quential transfer of nucleotide sugars to the phosphorylated GCl by a 

series of synthetase enzymes. First, uridine diphosphate-galactose 

was transferred to the carrier lipid with the re1ease' of uridine mono-

phosphate. Consecutive1y, thYmidine diphosphate-rhamnose, gùanosine 

, 21 

diphosphat~-mannose and cytidine diphosphate-abequose (3,6-deoxy-D-gal-, 
'", 

actose) were added to forro a mannose-rhamnose-galactose-P-P-GCL unit. 
l ' abequose 

1 
The designation P-P-GCL represents the pyrophosphoryl derivative of 

\. 
the GCL. These units were po1ymerized by an G-antigen polymerase to 

form a complete side chain repeating unit with the subsequent release 

of P-P-GCL from e~ch individua! tetrasaccharide unit (Bray and RObbins, 

1 f \. 1967). The G-antigen was then att~ned to the core ol~gosaccharide 

-through the action of a lPS ligase (OSborn, 1969). Nikaido (1969) 

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

was the glycosyl residue rather than the terminal N-ac~tylglueosamine. 

Little is known about the bi08ynthesis of the lipid A portion of 

the LPS moleeule sinee a lipid A-defiaientmutant has not yet been 

isolated. Recently a mutant strain of SaZmoneZLa was is~lated which 

contains a defective,lipid A which ia under-acetylated and under-phos-

" phorylated (Osborn, unpublished Observations). 

1 
study of this mutant will provide some insight 

of lipid A • 

• 

Perhaps, the further 
1 

into the biosynthesis 

\...' 



Biosynthetic information pertaining to the backbone region of 

the LPS is a1so incomplete, however, some data is available. Edstrom 

and Heath (1964) showed that cytidine mon~phosphate-KDO was the 

acceptor for the outer fore sugars in E. aoZi. Rick and Osborn 

(1973) iso1ated a mutant of S. typhimuPium which.was defective in 

the synthesis of KDO. The mutant had an altered KDO-B-phosphate 

synthetase which, under normal conditions should convert D-arabinose-, 

5-phosphate to KDO-B-phosphate. Analysis of the lipid A in this 
, }-

mutant showed a sigpificant reduction in the degree of acetylation. 

, Apparent!y the attachment of KDO to the deficient lipid A is necessary 

for the complete synthesis of 1ipid A. 

During the 8tudy of hepto.e bio.ynthe~i8 and the ro~it play. 
1 

in core completion it was discovered that in severa1 Salmonella 

minnesota R mut.~ts, core e1ongation was prevented at the position 

~ \ where galactose Should be\sdded to the glucote residue even though 

the-galactose trartsferase enzyme was present. It was found that the 

heptose residues were not phprphory1ated and when phosphate was en-

zymatically added core elongation continued (Münlradt et aZ.,-l968). 

Further investigations demonstrated that an ATP-dependent LPS phos-

phorylating enzyme was present and therefore the addition of phosphate 

to heptose had to occur before the complete core cou Id be synthesized 

(Müh1radt, 1969). The heptose biosynthetic pathway W8S determined in 

S. typhimurium, however~ the method by which it was linked to lipld 

\ 
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A-(KDO)3- still remains unknown (Eid~ls and Osborn, 1974) • 

.... , 

The localization of the LPS biosynthetic enzymes and the site of 

the biosynthesis of core and o-antigen have been obscure for ~ome 

time. Some processes appeared to take place in the cell wall While 

other conditions favoured the ~ytoplasmic membrane. Procedures were 
\ 

perfected to effect the separation of the outer membrane from the 
\ 

cytoplasmic membrane (Osborn et aZ., 1972b). This procedure was used 

in conjunction with pulse-chase labeling experiments to localize the 

site of LPS biosynthesis and then to foHow the translocation of LPS 1 

\ 

to 1ts structural position in the cell envelope (Osborn et at.~ 19724). 

By ~ing a mutant strain of S. typhimurium in W~ieh the O-antigen could 

be specifically labeled with radiolabeled mannose it was shawn that 

""'-the side c~ain oligosaccharide was rapidly synthesized at the level 

of the cytoplasmic membrane and then, by an unknown mechanism, moved 

out into the c~ll wall. A~tempts were also made to localize the 0-

ant1gen b10synthetic enzymes. Galactose-P-P-GCL s~thetase, the first ." 
enzyme in the o-antigen biosynthetic pathway, O-antigen polymerase 

v ~).." Il 
and o-antigen ligase were located only in ~le cytoplasmic membrane 

preparation. A second mutant was usedlin pulse-chase experiments to 

examine the biosyuthesis of the core region. Agàin, as in the case 

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

membrane then, within two minutes, it traveled out into the cell wall. 
1 

Two core biosynthetic enzymes, glucosyl transferase land galactosyl 
/ 
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-'transferase l were difficult to local1ze. Since they were partially 

solubilized during the separation of the membrane and cell wall the 

activities of these enzymes were 'found in both of these cell envelope 
A 1 

fractions. Additional ~abeling etudies suggested that the core and 

core side chain were assemblèd at the cytoplasmic membrane and con se-

quently were translocated as a complete unit. The fact that the 0-

antigen ligase was found to be firmly membrane bound supports the 

finding that core and side chain were assembled at the membrane level. 
\ 

Whether 
1 

the comple~ed LPS Molecules were translocated in association 
1 

with protein and phospholipld has not been established. 

TransLocation of tipopotysaccharide to the ou tep membpane 

The actual mechanism of LPS translocation to its position in the 

outer celi envelope has not been elucidated.' The current theory is 

1 

that the LPS travels along specifie attachment sites between the cyto-

plasmic and outer membranes. These contact sites were first identified 

in E. coti when plasmolyzed cells were fixed in the presence of sucrose 

and examined, in thin section, by ~lectron microscopy (Bayer, 1968b). 

Cross sections of the contact sites ahowed them to be composed of the 

• triple-layered membrane having a thickness of approximately 90A, a 

dfmension which was consistent with the thickness of the cytoplasmic 

membrane. The contact sites contaïned a central core with a diameter 

of 401. Evidence in support of the proposa! that these areas of 

attachment could allow the transport of Molecules stems from the 

\ 
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observations thatl bacteriophages Tl to T7 adsorbed almost exclusively 

to the are as of the bacterial wall which showed a connection with the 

cytoplasmic membrane (Bayer, 1968a). 

Mublradt and co-workerà (1973) combined the use of ferritin-
\ 

labeling techniques with a mutant of S. typhimuPium that could be 
1 

specifically labeled in the LPS, to supply strong support for the 

concept that LPS translocation occurred only at the se previously 

1 
shown adhesion areas. The mutant cells that were used in thé experi-

ments ~ynthèsized only wild type LPS when exogenous galactose was 

added to the defined growth medium. By pulsing the cells with galac-

tose for a short period of time and then examining the binding sites 

of ferritin~abeled antibodies, made against w!ld type LPS, it was 

fouud that the ferritin attached only to the celi surface areas that 

corresponded to the bridges formed between the two membranes, upon 

piasmolysis. Because the antibody would not attach to the deficlent 

LPS, it was established that these antibody binding sites represented 

transiocati~n sites containing only newIy formed LPS. lt was deter­

mined that 86% of the ferritin patches on the cell,surface were found 

over adhesion sites.' lt was proposed that the newIy synthesized LPS 

was then dispersed over the bacterial surface by the process of lat-

erai diffusion. If the experimental cells were incubated at 0° C the 
t 

"new" LPS remained in clusters at the tr~slocation si~es, however, 

wben the experiment was performed at 37 C the LPS spread, from these 

.' 
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,sites, over the cell surface (Mühlradt et at., 1974)-. This diffusion' 

was also obseryed under conditions in which LPS biosynthesls was pr~-

vented and when cellülar metab~lism was blocked by azide poisonjng. . 

They proposed that the phospholipids of the outer membrane served as 

a medium for the lateral diffusion of the LPS. At 00 C the fatty 

acids of the phospholipids and the lipid A would be too rigid to allow 

fo~ LPS mobilltYr In another study, which used a diffetent approach, 
... , 

Kulpa-and Leive (1976) made use of the density dif~erence between de-

ficlent and complete LPS, produced in a mutant of E. aoZi, to show how 

LPS was translocated from the cytoplasme membrane to the outer cell 

envelope. This mutant of E. ooti synthesized a defi~ient 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 specifieally incor-

porated inta the LPS. Only then could the LPS be eompleted by the 

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

murium mutant described by Nikaido (1962). An LPS molecule that eon-

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 denslty gradients due to this difference in densities. The 

\ 
denslty of the outer membran~ was examlned when cells were grown with-

out galactose. The culture was then pulsed with galactosel and areaa 

of the outer membrane rapldly became more dense. Removal of the 

exogenous galactose reeulted in the d1sappearance of the dense outer 
\ 
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membrane. According to their Interpretation of the results, the LPS 
, . 

must enter the outer membrane at specifie 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 
~ , 

any one time, that shHted 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 and low density peaks would be observed at the same 

time. The latter 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. 

LooaLiaation and organiaation of' LipopoLysaoaharide in the aett 

enveZope 

Unt!l methods were developed for effectively removing the cell 
1 

wall from Gr~nega~ive cells and separating it from cytoplasmic. mem-

brane LPS was localized with the use of the electron microscope. 

VeittoneLta cells exhibited an outer double-track structure in thin 

section preparations. Following extraction of the cells with phenol-

" water the outer membrane,was visual1y absent and the cells maintained 
1 , 

More detailed ~nvestiga-their shape (Bladen and Mergenhagen, 1964). 

1 tions using ferritin-labeled antibody demonstrated the presence of 

LPS on the inside of the outer membrane as weIl as on the cell surface 
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(Shands, 1966). A vho1e cell antiserum vas u~ed by Nelson and MacLeod 

(submitted for publication) to detect the presence of LPS in the isolated 
\ 

cell wall layers of a marine pseudomonad. They vere able to localize 

the LPS in the perlp1asmic regian, the outer doub1e-track and in a 

loose\y bound outer layer. Densitr gradient experiments suggested that 

the LPS may be associated vith protein and phospholipide The above 
'. 

mentioned studies support the organizational concept of the Grammega-

tive cel1 wall as 11lustrated by Costerton and co-workers (1974) in 

Which LPS 1$ found on the inside of the outer membrane extending into 
\-

the periplasmic space. A more detailed view of the concept, in which 
" 

the bydrophobic portion of the LPS mole cule (lipid A) penetrates inside 

the outer membrane bilayer structure and the polysaccharide portion 

extends in a perpendieular arrangement from the bilaye~t vas experl-

mental1y supported by monolayer studies with purlfied LPS and phospho-

lipid (Romeo et a~.~ 1970). 

The mo1ecular organization of the Gram-negative cell'envelope re-

mains to be estab1ished. lt has been proposed that LPS exists in vivo 

as a complex with protein and phospholipid' (Knox et aZ.~ 1966 and Knox 

and co-vorkers, 1967). Extracellular complexes vere believed to be 

ex~reted cell wall fragments. Rothfleld and Pearlman-Kothéncz (1969) 

ana1yzed a proteln-LPS-phospholipid complex which was excreted into 

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

the protein that vas excreted as part of the complex was only "old" 

_FP - , .. 



• 

o 

-

protein since a phospholipid-LPS eomplex eontinued to be exerete~ when 
, 

protein synthesis was prevented with chloramphenieol or by amine aeid 

starvation. Consequently, tt was concluded that LPS and phospholipid 

were inserted into the cell envelope independently of wall proteine 

These results tended to rule out the possibi1ity that the cell wall 

is assembled from protein-lipid-LPS subunits. Other investigations 

have demon9trated tbe- existence of covalent protein-LPS complexes 

which could be extracted from whole celle. Just sucb a eomplex was 

released fro~ P. aerugin08a cell walls by treatment With.EDTA and it 
\ 

exhibited a single peak upon analytical ultracentrifu~al ana1ysis and 

gel filtration (Rogers and co-workers, 1969). Po1~cry1amide gel 

electrophoresis of the comp1ex revealed a single band Which co-stained 

for both protein and carbohYdrate. Rubio et at.~ (1973) further char­

acterized this protein-LPS complex and d1scovered tbat it wàs actually 

composed of three protein-LPS components. Rogers (1971) reported t~e , 

isolation of an LPS-protein complex from E. coti by extraction of who1e 
1 

cells with 0.1 M Tris at 60 C and also presented evidence that the com-

29 

plex contained three protein-UPS fractions. Wu and Heath (1973) used 

1 

1% SDS to extract a protein-LPS comp1ex from a mutant of E. coti 0111:B4. 

The protein had an approximate moleeular weight of 14,000 daltons and 

was enriehed in aspartate and glutamate. lt was indieated that several 

of these complexes were observed in the wild type parent organisme A 

non-covalent comp1ex eomposed of polysaccharide, protein, 11pid and 

LPS was isolated from Nei8seria meningitidis 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 cel! mediUm as weIl Chemical analysis, electron 
\ 

microscopy and SDS-polyacrylamide gel elect~ophoresis of both complexes 

indicated that they were similar. Electron microscopie examination 

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

appearance as the outer trilaminar membrane from this ~acterium. 

An interesting relationship between LPS and periplasmic enzymes 

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

line phosphatase formed as artificial ~drophobic complex with LPS 

extracted from the o~ganism. The activity of the complex, constructed 

'. from purified cell wall components, approached the aetivity of the 

crude complex that was found in the culture filtrate from P. aerugin-

osa. The associated release of alkaline phosphatase and LPS was 
ifP 

observed in other bacteria as weIl (Lindsay et al.~ 1973). A possi-

ble structural relationship between 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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MATERIALS and METHons 

CuZtuzte8 and media 

The or!@Ilisms use'a in this study were both variants 1 and 3 of a 
\ .. 

marine pseudomonad (ATCC 19855) which was designated B16 (Gow et at.~ 

1973) and was classified as Al.tePOmonaq hal.opl.anktis by Reiche1t and 

Baumann (197j). Additional cultures included Esaherichia coti Oill: 
1 

B4, Macdonald College Culture Collection No. 168; Saùnonel.l.a typhi-
\ 

murium LT2 (ATCC 19585); and Pseudomonas aeruginosa ~ATCC 9027). The 
,~ 

variants of the marine pseudomonad were cultured in a medium contain-

iug 0.8% nutrient broth (Difco), 0.5% yeast ex~ract (Difco), 0.22 M 

This medium was referred to as nutrient broth-yeast extract complex 

medium. In some experiments this complex medium was modified ta con-

tain 0.3 M NaCl and 0.05 ~ MgCl2' Other experiments employed a medium 

~taining 1% trypticase (BBL), 0.3 M NaCl, 0.05 M MgC12, 0.01 M ~Cl 

and 0.1 mM Fe(SO .. )20iR .. )2.6H20 and was=designated trypticase-salts 

medium. A chemically d~fined medium was used in mutant isolation 
1 

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

trated NH .. OH), 0.05 M Tris-Hel, 0.3 M NaCl, 0.05 M MgSO .. , 0.01 M KCl, 

1.0 mM CaC12, 1.0 mM (NH .. hHP04 and 26 pM Fe(SO .. h(NH .. h.6H20. In SOllle 

cases these media were supplemented with 1% D(+) galactose (Sigma). 

Sol id medium was made by adding 1.5% agar to the liquid medium. AlI 

the other organisms were grown in a medium composed of 0.8% nutrient 

- ' .. '~ 

31 

- 1 

~ 
1 



, 
;" 
~ 
1 

" 

( 

-- -""-' - ---

J 1 

" 

! 
broth and 0.5% yeast 1 extract. 

1 \ 

, 
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 marinp pseudomonad and 30 C for the remain1ng 

bacteiia. After the 8 h ~owth period the.IO ml cultures were poured 

into /250 ml of medium contained in 2 liter flasks. Cells were har-

1 vested between Mid abd late logarithmic phase of growth as determined 

with a Coleman Junior s~ectrophotometer at 660 nm. In arder to obtain 

~abeled LPS from the marine pseudomonad, {l~C]galaètose, 0.05 pei/ml 
\ 

of me~ium (63~5 ~Ci/pmole),"was added to the 2 liter growth flasks 

immediately b fore inoculation. 

, The inocu ation schedule*used for th~ fermenter grown:culdlre of 

the marine pseudomonad was as follaws. The culture was inoculated 
. , \ /" ~ . 

from an agar slant)nto 10 ml of medium contained in a 50 ml flask and 
1 

1 was incubated on a rotary shaker for 8 h at 25 C. The contents of 

this flask were then poured into 300 ml of medium contained ~a 2 

iiter flask and we~e incubated on a rotary, shaker for 5 h at .25 C. 

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

liters of medium and the optical density ~as m6nitored at 600 nm unt!l 
• 1 

the cells reaehed Mid 'logarithmic phase of growth (0.60 O.D.). This.' 

culture was used to il'0eulate the 100 li ter fermenter. When the 
" "\ 

~ulture reached d.62 O~. un~~s the cells were harvested ln a Sharples 

.entrifuge, frozen 7t81Y in. dry i.e and lyophll1zed. 
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Complete saUa 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 MgC12 and 0.01 M KCl. Mureinoplasts ~d protoplasts were 

resuspended in a complete salts solution containing 0.3 M NaCl, 0.05 

M MgCl2 and'O.Ol M KCl. 

. , 

Ezt~cti~of tipopolysaeeharides 

For the isolation of lipopolysaccharides from variants 1 and 3 

of the marine pseudomonad, the procedure of O'Leary et aZ. (1972) w~s 
o 

1 \ 

employed with minor modifications. A final concentration of 0.05 M '" 
MgCl2 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 MgC12 for 

q' 

., 
48 h at 10 C to remove phenol. The homogenizations and fi~al centri-

'.; 
~ ,; 

),~" . 
1 

fugation at 27,000 x g were eliminated. The purified LPS pellet, 
~ .' . " 

afte! treatment with ribonuclease (RNase) and deoxyribonuclease (DNase) : 

" ~ 

was dialyzed against distilled water to'remove salts and then lyophi-
~ 

l1zed. " E. aoU 011l:B4, S. typhi.muriwn LT2"and P. aeruginosa lipo- J'< l' 
1 ~ 

polysaccharides were extracted according to the hot 45% aqueous phenol 

method of Westphal and Jann (1965). The crude lipopo1ysaccharides were 

purified by treatment with RNase (50 pg/ml) and DNase (50 pg/ml) and 

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

Isolation o~lipid A and dBg~dBd polysacaharide 

Lipid A and' the degraded polysaccharide portions of the LPS mo1e-

o 
,', 1 
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cule were separated by hydrolyzing the LPS in either 0.1 N Hel (Burton 

and ,Carter, 1964) or 11. acetic acid (Glleiner et al.~ \1969) in a boÙ-

1ng water bath for 90 min (2-3 mg LPS/ml of acid). After hydrolysis 

the precipitated 11pid A was removed by centrifugation and washed , 
\ 

three to five times wit~ glass distilled water (International Clinical 
i 

Centrifuge, model CL) •. The lipid A pellet and the supernatant fluid 

combined with the ~ater washes, which contained~degraded polysacch-
• 1" 

- .:... -- ~ 

~aride, were concentrated by lyophilization. 

Isolation of oo~e and oo~e-side ohain f~aotions 
\ 

The pràcedure of Schmidt and co-workers (1969) was employed to 

separa te LPS core from core-side chain oligosaccharide. Degraded poly-

saccharide (11 mg), iso1ated 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 samp1e 

was app1ied to Sephadex G-50 which ~s packed in a 2.5 x 36 cm column 

which had been eqUl1ibrat~d with the same buffer. Two ml fractions 

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

34 

\ 

tored for total neutral'carbohydrate by the assay of pubois et al, (1956). 

The column flow rate was maintained at 9 to 12 ml/ho Blue dextran (0.2%) 

was used to determine the vQid volume. Those fractions that corres-, , 

ponded to each carbohydrate peak were pooled and lyophilized. 
1 \ , \ 
~p~tion of ~inopla8t8 and p~topla8tB 

Mureinoplasts and protoplasts were prepared according to the 

" \. : 
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methods of DeVoe and co-workers (1970). Cells were harvested and, 

washed once in a volume 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 NaCI, resuspended in one full volume of 0.5 

M sucrose and incubated at 25 C for 30 min. The cella were collected 

and resuspénded in a second 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 component and maintained their 

rod shape. Protoplasts were prepared by s~spending mureinoplasts in 

a solution of lysozyme (150 pg/ml), complete salts and l mM Tris 

buffer (pd 7.5). In subsequent èxperiments mureinoplasts and proto-

\ 
plasts were maintained in a stable state by suspension in complete 

salts or complex medium. 

IsoZation of the outel' oeU !MU 7Ayel's and aytopZasmia -membrane 

The cell wall layers from the marine pseudomonad were isolated 

according to the method of Forsberg et aZ. (1970a) with'several modi-

• l 
fications as proposed by Nelson and MacL~od (submit~ed for publica-

tion) • The cells were hanested from th~, growth~edh1tll Bnd washed 

three times in volumes of complete-saltsequal to 1/3 of the volume 
" ~----

of theÎgrowth ~di~m~ ~ells were then washed with three success­

ive volumes of 0.5 M NaCI, each equal to 1/6,of the volume of the 

growth ~dium. These NaCI washes were pooled and centrifuged at 

143,000 x g "(Spinco 60 Ti rotor) for 2 h to sedimént the loosely bound 
, l' 

, \ 
outer lay.er. The cells were 9uspended in 1/6 ,volume of 0.5 M sucrose 

35 
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( 
and vere incubated at 25 C for 30 min followed by resuspension in 

another 1/6 volume of 0.5 M sucrose and immediate ly centrifuged., 

The pooled sucrose vashes were centrifuged at 73,000 x 'g (Spinco 

type 30 rotor) to sediment the outer double-track. The periplasmic 

layer was concentrated from the sucrose supernatant fluids. AlI of 

the cell wall layers were exhaustively dialyzed against distilled 
-1 

water at ,10 C and lyopllUized. 

Cytoplasmic membrane was iso1ated and purified according to the 
\ \ 

procedure of Sprott and MacLeod (1972). Protoplasts were formed and 
" 

were disrupted in a French pressure cell. The preparation was' 

treated vith DNase (50 pg/ml), RNase (50 pg/ml) and lysozyme (150 

pg/ml) which was followed by centrifugation at 4,000 x g for 15 min. 

The 8upernatant fluid was then centrifuged at 75,000 x g,for 35 min 

to sediment the membranes. Th~ membranes were dialyzed against dis-

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

lyzation. 

I80lation of mediwn mateztial from whoZe cell8, mureinoplast8 and 
\ 

protop 'LaBts 

The cell medium material vas collected by first centrifuging the 

medium at 35,000 x g (Spinco SS-34 rotor) for 20 min to remove 80y 

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/vas 

washed twice in complete salts and then lyophi1ized. This procedure 

36 
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~as modified from that used by Nelson and MacLeod (submitted forl 

" publication). In or der to iaolate medium material from mureinoplast 

and protoplast preparations the same procedure was employed. 

Po lya~:rry lamide ge Z. e l.ectl'ophoresis 

The lipopolysaccharides and cell wall layer~ were electrophor-

esed in a buffer containing 0.05 M Na2HPO~, 0.05 M Na2MoO~ and 1% 

sodium dodecyl sulfate (SDS). In various expertments modifications 

of this buffer were examined. AlI of the electrophoresis buffers 

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

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

, the lower electrode as the anode. Preparative gels were e1eetrophor-

esed for 7 h at 10 mA/gel. Electrophoresis was performed in either 

a Model 6 Canalco or a Biorad Model 150 dise electrophoresis appara-

tus. A Shandon constant voltage/constant current or 8 Buchler power 

unit was used. 

In preparatiOn for electrophoresi~ the samples were solubilized 
\ ~ -~ 
in a solution adapted from Inoure and Guthrie (1969) eontaining 20%1 

glycerol (v/v), 2% SDS (w/v) and the inorganic components at their 

concentrations in the parti~ular electrophor~sis buffer used.. When 

Triton X-IOO vas substi~uted for SDS in the electrophoresis buffer, 

0.2% Triton replaced the 2% SDS in the solubilizing solution. The 

samplès 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 

1.16 1 
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so~qbilizing solution to which was added 0.25 ml of glass distilled 

vater. In sorne sampl~s a drop of bromphenol blue solution (4 mg/ml) 

vas added as tracking dye. ( 

The gels vere prepared uatnR a slight modification of the method 
, -

of Maizel (1966) and contained 5%lrecrystallized acrylamide, 0.13% 

recrystallized N,N'-methy1enebisaerylamide as cross linker, 0.05% 
1 

, 
N ,N,N l,NI -tetramethylethylenediamine [1 ,2-bis (dimethyl amino), ]ethane, 

0.075% ammonium persulfate, 1% SDS and the inorganic components at 

their concentrations in the eleetrophoresis Duffer used. When SDS 
"-

" vas replaced by Triton X-lOO in the gel electrophoresis buffer 0.1% 

Triton was used instead,of 1% SDS. The gels were 7 10r 9 em in length 

~d were east in 5 or 6 mm I.D. acid-washed glass tubes. Preparative 
/ 

'gels were 12 cm in length çd 6 mm 1. D. The gels were overlayed with 

eleetfophoresis buffer and polymerized for lO min at room temperature. 

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

\ 

Staining reagents 

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

aècording to the Canaleo teehnical bulletin. Basic fuchsin (0.5 gm) 

was added to 100 ml distil1ed water followed by 10 ml of l N Hel and 

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

vals for 3 h at the end of which time 0.5 gm activated charcoal vere 

added. The solution was filtered and stored in a dark bottle in the 

cold. 

( 
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Protein gels were stained with 0.25% Coomassie Brilliant Blue 

(Sigma) in 12% trlchloroacetic acld - 50% metbanol. The staining 

procedure of 1nouye and Guthrie (1969) was used. 

~ationation and oounting of radioZabeled geZs 

Polyacrylamide gels containing radiolabeled samples were frac-

tionated into 1 mm sl~ces wlth a ~ilson A1iquogel fractionater. Gel 

1 

fractions were allowed to swell overnight in Triton-toluene Bcintilla-
\ 

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

liquid scintillation counter. 

Po tyaoroy tami.de ge l denai tometroy 

Po!yacry1amide gels Iithat were stained with the Schiff r~agent 

were scanned on a Unicam SP 1800 ultraviolet s~ectrophotometer' 

eql1ipped with a densitometer aùachment. Gels were scanned in 7.5% • 

acet~c acid at 540 nm ustng a sltt ~dth of 0.1 mm. Relative quanti-
j 

tation was obtained by comparlng peak areas. 

Saanning rJavetength speatl'ophotomet1"Y 

A Unicam model SP 800 ultraviolet spectrophotometer was employed 

for scann~ng wavelength analyses. AlI samples were read at, ro01ll tem-

per\~ure in matched quartz cuvettes with a 1 cm light path. 

Sephat'()se gel filtration 

LPS (10 mg/ml),was solubi1ized in the SDS solubillzing solution 

used for polyacrylamide gel electrophoresis and was chr~tographed 

~ 

( 
1 
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on Sepharose 4B and 6B (Pharmacia). The Sepharose was allowed to 

equilibrate in 0.05 M Na2HPO~- 0.05 M Na2MoO~ - 1% SDS buffer (pH 

7.0) and ~s packed in K 25/45 columns (Pharmacia) fitted with f10w 

adaptors. Columns were packed and operated at 25 ± 2 C. Samp1es 
~ , 

were chromatographed by the technique of upward f10w e1ution at a 
\ 

flow rate of 14 ml/h. The effluents ~ere assayed by~a Refractive 

Ind~x monitor (Pharmacia) and 2 ml fractions were then col1ected by 

fn LKB Ultrorac fraction collbctor. .Fractions representing each peak 

were p'ooled and dialyzed agalnst distilled water containing 0.02% 

sodium azide at room temperature. Sodium dodecyl sulfate was completely 

removed from the samples by precipitation with saturated Bael2 solution 

and the peak materia1 was concentrated by lyophilization. Blue dextran 

(0.5%) and sucrose (10 mg/ml) were'used to determine the void volume 

(v ) and the included volume (Vi)' respectively • .Dextran preparations o 1 

" (la mg/ml) of various molecular.weight ranges were emp10yed as stan-

dards. The molecular sizes of the LPS peaks were estimated by compar-

40 

ing their experimenta11y determined Kav values to those obtained with the 

standards. 
Ve - Vo 

The formula used was Kav - V t _ V
o 

' where Ve ls the elu-

tion volume, Vo represents the void volume and Vt is equal to the 

total bed volume. 

Descending papel' chl'omatbgNphy 

LPS monosaccharides were separated by descending paper chromato-

graphy in ethylacetat~-pyridine-water (120 : 50 : 40 v/v) at room -. .. \ ~ 
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cemper~t~re on Whatman #3 ehromatography p'aper (Smith, 1960). Chroma-
" 

togrâms were developed for 20 - 24 h after which time they were dried 

and cut into strips tor the detection of compounds with selective 

spray reagents or by counting for radioactivity. Hexoses were de-

tected vith analine pht~alate and amino sugars with ninhydrin. Chrom­

atogramQ containing [14C]radiolabeled samples vere eut into 1.5 cmf 
- , 

pieces which vere placed in scintillation vials, moistened vith 0.2 

ml distilled water and counted vith 10 ml Aquasol CNew.England Nuclear). 

Hydrolytic procedures 

For chromatographie analyses 2 - 5 mg LP,S samples were hydrolyzed 

in seàled ampoules'~th 2 ml hydroJhloriè acid at the appropriate 

concentration and length of time required for the maximum release of 

the sugars being analyzéd. Lipid A (1 mg) was hydrolyzed in the seme 

manner àfter which the fatty acide vere removed by extracting the hy-

drolysate vith petroleum ether. AlI hydrolyses vere carried out in an 

oven maintained at 100 to 105 C. 

Gas - liquid chromato~hy 
"'-

Monosaccharides vere analyzed by gas-liquid chromatography of the 

~orresponding trimethylsilyl (TMS) or'alditol acetate derivatives. 

Trimethylsilyl derivatives were prepared and chromatograp~ed according 

to the procedure of Kondo and Ueta (1972). HydrolYzed LPS samples 

were treated with 0.5 ml pyridine-hexamethyldisilozane-trimethylchloro-

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

::2: D!!i!lS!t'A4JJ 
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vials. The, reaction was allowed ta praceed at ro01ll temperature and 

the derivatized samples vere dissolved in chloraform1ar carbon disul-, 

fide for injectt,!n. ~dital acetate derivatives were formed by the 
11,-

method of Perry and Webb (1968\ uaing met~ylene chloride as the s01-
\ " ' 

vent. D-glucoheptase was add~d to the samples as an internaI standard, 

prior ta the derivatization procedure, at a concentration of 2-3% 

(v/w) • 

Semple peaks vere identified by comparing their retention times 

to known derivatized standards and quantitation vas achieved by com-

paring peak areas of the unknown ~onosaccharides to that of the 

internaI standard according ta the equation A • h x w at 1/2 h9 where' 

A is the peak area in mm2 9 h equa1s the peak height and w repœsents 

the p~ak width at half of the peak height. 

A detector re'sponse curve and eorrection factor (K value) had ta 
\ 

42 

be de termine d\ for each monosaccharide standard chromatographed on bath ~ 

the HI-EFF and OV-275 columns. The flame ionization detector gives a 

linear response over a specifie concentration range of each sugar, 

consequently, the relationship of peak area to sugar concentra~ion is 

valid only within this range (Jones, 1970). The detector response 

-""""',. <: 
curves vere experimenta11y determined in the Results (Section r). 

Also, the flame ionization detector does not give the same response to 

equal concentrations of different monosaccharides and, therefore, the 

correction factor is necessary. The K values were calculated for each 
-\ 

\ 

\ 
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As Wis 1 

sugar by using the formula Ks - Ais W
s 

in whicb As equals the area 
'-..,. 

of the standard sugar, Ais equals the area of the internaI' standard, 

Ws the weight of the standard sugar, and Wis the weight of the intern-

al standard. A known amount of each standard sugar was injected vith 

a known amount of internaI standard. Since Ws and Wis were known and 

As and Ais could be measured on the chromatogram, Kg could be ca1cul-

ated for each sugar. The LPS monosaccharides were then quantitated 

uaing the formula Wu - Au Wis in which Au and Ats equal the are as of 
, Ais Ks 

the unknown sugar and interna! standar4, respective1y (as measured on 

the chromatogram); Wis equals the weight of the internaI standard (a 

known amount was added to the LPS sample); and Ks represents the correc-

tion factor which was previously calcu1ated for each sugar (S1oneker, 

1972) ~ 

Chromatography was performed on a Varian Aerograph series 1700 

dual col~ chromatograph equipped/~~ flame ionlzation detectors. 
1 

llelium was used as the carrier gas. For tha chromatography of the 

trimethy1silyl derivatives two columns were employed. Columns A and 

B were 3% SE-30 (a silicone gum rubber) and 3% OV-l (a dfmethylsilicone 

gum), respectively. Both phases were on 100/120 mesh aCid-washed, 

dimethy1dich1orosilane treated chromos~ G in 6 ft. columns. The 

• co1umns ,vere operated at 180 C at a carrier gas f10w 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 

---------------- - -

'1 
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\ 

'" 600 ml/min, respect~vely. À1d!~ol acetates were chromatographed on 

three columns. Column C was a 10% neopentylglycol sebacate (HI-EFF) 

liquid phase on an acid-washed, dimethyldichlorosilane treated Chro­
i 

mosorb W support, 80/100 mesh. The column was 5 ft. in letl'gth and 

was operated at 230 C at a carrier gas flow rate of l2 to 33 ml/min. 
,. 

Column D was a 3% cyanopropylmethylphenylmethyleilicone (OV-275) ~hase 

on acid-washed Chromosorb W 100/120 mesh. This 6 ft. column was run , 

at 220 or 225 C with a carrier gas flow rate of 17 to 18 ml/min. Co1-

umn E was a 3% ECNSS-M (an ethylenesuccinatecyanoethylsilicone copoly-
1 

- \ 
mer) on 100/120 mesh'acid -washed, 'dimethyldich10rosilane treated 

Chromosorb G (Crowe11 and Burnett, 1967). This co1umn 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 columns 

C and D and at 245 C for column E. The detector hlock was 270 C for 

columna C and D and 255 C for column E. The hydrogen gas flow rates 

for COl1D~lS C and D were 20 to 22 ml/min and for c~ltmm E, 24 ml/min. 
u \ 

The flov rate of air vas 400 to 463 ml/min for C and D and 500 ml/trl~ 

for column E. 

Pzoepal'at~on of ùJhole aelt antigen fo!' irmruni2ation 

Marine pseudomonad variant 3 was grown on nutrient broth-yeast 

extract agar plates overnight. Cells vere washed off the agar with 

" complete salts and were boiled for 1 h. The cells were washed in and 
\ 

then resuspepded in complete salta containing 0.3% formalin to a con-

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

was used to in je ct, intravenous1y, New Zealand albino rabbits. 
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CoZlection an.,d prepal'ation of antiserwn 
• \ 0 

l , 

Blood was collected by card~ac puncture. vas allow~d to clot 

\ at ro01ll temperature and vas stbred at 10 C overnight. The serum was 

decanted and any,remaining erythrocytes vere removed by centrifuga­
\r 

tion. The serum was sterilized by passage 'through a Seitz filter . ~ 

- ' 
and was stored aseptically in serum bottles. 

~termination of antibody titer 
\ 

The antiserum was t~tered by passive h~gglutinati&n a~cording 

to the pr'oéèdure of Leive et al. (l9q8). Lipopolysaccharide vas 
, , 

treated with 0.02 N NaOR at 37 C for 18 h and vas used to coat sheep 

'red blood cells. Sheep ery~hrocytes vere washed twice in 0.85% NaCl 
, , 

and were ~esuspended inusalfne to a conoentratiion ôf 2.5% (v/v). The 

treated LPS~as added to the suspension to obtain a final concentra-
1 

tion of 100 lIg LPS/ml of 2.5% sheep' erythrocy~es. The mixture was 

incubated for 2 h at 37 C while the serum,vas being inactivated at 

45 

56 C for 30 min. The sens1t:ized red blood cells were va shed twice \ 1 .. 

'" 
in sal~e ta remove excess LPS. Saline (50 pl) vas added to ~ilution 

wells and 50 JJ1 of the serum was serially diluted. The sensitized . ' 
~ , , 

red ~lood cells '(25 pl) were added to each well and the lIlixtures were 

''incubated at room. temperature. , 
Doub le iTmrWlOdi ffu8~on 

'" ,The anUsera was concentrated for use' in the double haunodiffu-

sion studies. A saturated solution of nm..hso" vas added to the 

--'----~ -~----~---------------- ---
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antiserum (1:1 v/v) and the Pfecipitate was coll~cted by c~ntrifuga­

tion. Thé precipitate was dissolved in 0.85% NaC~ and dial~zed , 
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against saline to remove excess,(NH4)ZSQ_. The dialysate was reprecil ' 
~ '\ 

pitated and dialyzed two additional times. The final dialysate was 
~ 

• "" j adjust~d to 60 mg protein/m1 saline. This concentrated anttserum was 

used in aIl immunodiffusion exp~riments. 

~ 
Clean glass'microscope sl~dèS were precoated and layered with 1% 

• 1 
Nobel agar (Difco) ,ln physiologica! saline. jWe!!s, 3 mm in diameter 

and spaced 9 mm apart (center to center). were made with.a gel punch 
'1 

, . 
(Gelman Instrument Co.). 

~ / 
1 

The wells were fi11ed vith antibody or anti-
\ , 

gen suspensions and allowed to diffuse for 24 h at rgom temperature 

in a moist chamber. Precipitin 11nes were !ecorded and the slides 

were yhotographed folloving the incubation periode , The slides were 
, f • 

then immer~ed in saIin~ for 48 b. with a~ least three change~. and 
\ . 

dried u~der fUter papér,' The slides we're sta1ne1i vith Amido black 
1 111> 1 

lOB for 1 h and destained ln 2%'glaclal acetlc acid (Uriel aad Grabar, 

1956), > 

1 • 

Anatytiaat rriJthods 
1 

, -'" 
Total neutral carbohydrate was assayed either by the anthrone j 
( 

method as modified~by Fairbairn (1953) or by the phenol suIfur~ acld 
, Il ' 

. procedure (Dubois et al., '1956),' Tot,1 am~no sugar was measured 
'\ 

accordlng to the Blix (1948) modificatiOn Qf thé Eison-Morgan assay. 

Det~rmtnat~on of 2-keto-3-deoxyoctu1osonic acid (KDQ) W8S by the 
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thiobarbituric ac:d assay (Weissback and Rurwitzt .1959) and vas 

corrected for the Interference of sta1ic acids (Warr~n, 1963). The 
\ 

1 

procedure of Osborn (1963) wa~ use~ in the determination of ~eptose • 

• 
Protein was measured by the procedure of Lowry and co-workers (1951) 

using bovine serum a1bumin as the standard while phosphate was de ter-

minedcby the procedure of Chen et at. (1956) with KR2P04 as the 

standard. The aS,h conte1)t of the LPS was 'determined as previously 

described (O'Leary et a'l., 19,72) and 1ipid A was quantitated by dry 

weight. The carbocyanin dye procedure was performed according to 
l ' 

the method of Janda and Work (1971). 
1 .) 

= 

r 
Dry weights we~e determined in 10 or 20 ml glaSS~eakers which 

~ \ 
had been acid-washed and ch1oroform-methano1 (2:1) was d, h~ated 

in an 80 C oven for several hours, and a110wed to equi1ibrate to 

J 
constant weight over phosphorous pentoxlde in a desiccator. 

1 

Scinti'lZation ftuid 

Radiolabeied samp1es for 1iquid scintillation analysis were 

counted in a solution contarning 0.5 gm 1,4-bis[2-(5-pheny1oxazoly1)] 

benzene, 18 gm 2,5-diphenyloxazo1e, 1 liter Triton X-100 and 2 1iters 

to1uene. The efficiency of [ 14Cl counting in this f1uid was 90%. 

Preparat~on of gZasSlJare 

AlI pipets and~glassware used for chemica1 assay8, gas-~iquid 

( .. 
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, chromatographie sa~lè preparation or in ~and1in~samp1es of Any sort 

,ere acid-washed in su1furic acid-nitric acid (2:1) and rinsed ten , 
times in line distil1ed and three times, in glass disti11ed water. 

Any glassware involved in the handling of lipids was chloroform-meth-

1 l 
anal (2:1) extracted. 

Chemieals and radioaetive ehemieals 

AlI enzymes, dextrans and monosaccharides were pu~chased from • 

Sigma Chemica1 Co. Monosaccharide purity was estab1ished by gas-

liquid chromatography of the cor~sppnding aldito1 Acetates. Acry1a-

mide,l-ethYl-2.[3-(1-ethylnaPhtlo[l,2d]-thia~olin-2-Ylidene)-2-methyl~ 

~ropenyl]naptho[l,2d]-thiazolium bromide, and 2-thioba,rbituric acid 

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

1ene-diam1ne[l,2-~is(dimethy1amino)]ethane (TEMED) and N,N'-methylene-
1 

bisacry1amide were products of K and K Laboratories, Inc. Other 

chemicals and sol vents were purchased from Fisher Scientific or Can-

lab Chemicals and were reagent grade purity. Solvents were usua11y 
'" / 

gas-liquid chromatographie and spectrophotometric QUalitY'j r14c1gal-

actose"(uniformly labeled), dextran [14C]carboxyl (molecular weight 

15-17,0(0) and dextran [l4C]carboxy1 (mo1ecu1ar weight 60-90,000) 

~were purchased from New England Nucl~ar or Amersham/Searle Corporation. 
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RESULTS 

Int:zteduction 

The investigation into the characteristics and heterogeneity 

of the marine pseudomonad lipopolysaccharide (LPS) was ~pproached 

according to the scherne presented in figure 1. The major emphasis 

of the work coneentrated heavi1y on the experiments represented by 

l 
~he right side of the scheme because this aspect of the study had 

\ 

to be established prior to the more advanced experimenta1 out!ine 
1 

presented on the left. Briefly, experiments were designed to es-

tablish that LPS heterogeneity or aggregation was a rea! and 

important phenomenon and existed in LPS that was extraeted from 

whole cells or ce II walls of the marine,pseudomonad. The re1ation-

ship of the various eomponents that eontributed to this heterogen-

iety was examined by chemical analysis, immunologieal cross-reac-

tivity and gross morphology. Once the nature of the LPS hetero­
oIdt 

'geneity was èstablished more intricate studies were initiated in 

an attempt to sh~ the order and,rate of biosynthesis of the LPS 

components in vivo and in an artificial ce!! system which does not 

contain any lIoldll LPS or outer cell wall. 
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FIGURE 1. 
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Fig. 1. Schematic representation of the approach used to study 
l, ~ 

the heterogeneity of the·maririé pseudomonad 1ipopo1y-

s8cchar'ide. 
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CRARAcrERIZATION OF THE MARINE PSEUDOMONAD WHOLE CELL LIPOPOLYSACCHARIDE 

r N~traotion from whole oells 
1 

The marine pseudomo~ad LPS was extracted by ·the procedure, deyel-

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

extractions it became evident that severa1 stepsin the procedure 

resulted in variable yields of LPS. Several minor modifications were 

made and t~ese can be 1isted as follows, 1 The concentration of MgC12 

tha; was bsed in the phenol-water extraction mixt~re was increased 

from 0.026 M to 0.05 M, the extraction temperatùre was increased from 

60 C to 65 - 68 C, dialysis to remove phenol included 0.05 M MgCI2, 

the homogenizations were eliminated and the cold acetone precipita-

tion of the LPS was rep1aced by collecting'theLPS by high speed 

centrifugation and concentrating bYJyophilization. The increase~ 

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

O'Leary that this ion resulted in a more efficient isolation of LPS 

in this bacterium than eitHer Na+, ~ or a combination of aIl t~re~. 

ions. The extraction temperature was increased because phenol and 

\ 
water are much more ~iscible at the higher tempe~ature and, for this 

\ reason, result in a better extraction (see Westphal and Jann, 1965). 

Dia1ysis in 0.05 M MgC12 simply was consistent with the extraction 

concentration and, in addition, the Mg2+ W8S found to be necessary 

for t~e sedimentation of the LPS probably,through comp1ex formation 
" 
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as in the case of SaUnonetta (Osborn et at.~ 1962). The homogéniza-

1 
tions did not appear to increase the purity of the LPS preparations 

and seemed repetitious in view of the fact that several resuspen-

sions and high speed centrifugations were employed in the procedure. 

The major difficulty in the .0'Leary procedure was the f+n~l acetone 

precipitation •. In some extractions, 1 volume of acetone would 

precipitate the LPS while in ~ther experiments as many as 10 volumes 

did not cause precipitation. In some cases acetone will precipitate 

Many inorgani~cco~ponents, consequent~y, it does not contribute to 

the purification of the cru de LPS. When the modifications 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 ls a comparison of the yields obtained 

in ft series of LPS extractions. 
\ 

Once it was established,that the LPS could be isolated Jonsis-

1ently and that the extraction proced?re wa~' trimmed to the e8~ential 

steps it became advantageous to isolate, in a single ~xtraction, 

enough LPS necessary to perform aIl chemical investigations. For 

1 
this purpose a culture of the marine pseudomonad was grown ln a 100 

liter fermenter. Growth was monitored by follo~ng the optical 

dens!ty of the culture and thé ~~su1ting growth curve ls shawn in 
>1> 

figure 2. The cells were supposed to be harvested during late log- 1 

! • 
arithmic phase, however"the cUlture ent~red stationary phase early .,.. 
and was eolleeted at this time. ~der batch culture gr~h conditions 
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TABLE 1. \ 

rieLd of lipopoLysacchariàe obtained by the O'Leary phenoL-~te~ 
eztroction: Compa1"Ï.son of the onginaZ and modified proceduztes 

Experiment Procedure Mg material/gm LPSa 
of cells dry weight 

1 O'Leary et aZ. (1972) 20 + 

2 O'Leary et al. (1972) ° 
3 O'Leary et a~. (1972) 1 . 
4 modifications: 20 + 

(1) ,0.05 M MgC12 
(2) 5 volumes of aeetone 

5 modifications: 0 
(1) 0.05 M MgC12 \ , ,1 

(2) 10 volumes of acetone 

6 modifications: 30 + 
(1) 0.05 M MgC12 
(2) 1yophilizatioo 

7 modifications: 30 + 
(1) 0.05 M MgC12 
~2) lyophi1izatiOn 

8 modifications: 20 + 
(l) 0.05 M MgC12 
(2) lyophilization 

~e presence of LPS was detèrmined by either a positive earbo­
cyanin d,e reaction, KDO assay, heptose assay, carbohydrate 
staining material on SDS-polyacrylamide gels or a ëombination 
of tbese procedutes. \ 

\ . 
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Fig. 2. Growth curve"of the marine pseudomonad cultuted in a 

1 -

100 liter fermentet. 

The culture vas grown in nutrient broth-yeast 

extract complex med1UD. Opt1cal dens1ty vas _001-

tored vith a Coleman Junior spectrophôtometer at 660 
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mid logarithmic phase i, reached at 0.55 Q.D. at 660 nm (Coleman 

J~ior Spectrophotomet~~). The nutrien t broth-yeast extract compl~x 

medium was used in the fermenter and it is not known whether nutrients 
1 

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

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

if any, antifoam ~ould have on the bacteriai cel~ wall. Aqueous phe-

nol extraction of the cells fram the fermenter grown culture y~~lded 

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

polyacrylamide gel electrophoresis detllOIls,trated that this LPS gave 
. 

the same elect,rophoretic pattern upon staining vith the Schiff rea-
\ 

gent as LPS extracted fram batch cultures. For a mort accurate com-

parison, the carbohydrate compos~tions of the two lipopo1ysaccharl~es 

were compared by' gas-liquid chromatography of the trimethyIsiIyl 

derivatives. The chrOlDfltQgrams were qua1itative1y the same, however, 
1 

W 
it is obvious that there are a few quantitative differences amang 

severai of the monosaccharides (figure 3). Although the actual con-

centrations of the different sugars were not calculated,\examination .. 
o of the chromatograms demonstrates that the concentration differences . , 

\. are very slight. 'When .radiolab'eled LPS was needed, batch cultures 
\ 

were used for extractions. ,\ 
1 

Dètezerrrlnation of puzai ty, . 

\ 

1 

The procedure o~ Janda and Work ,(1971), whic~ 18 based on the 
, 

j occurrence of a predicted-s~ectral shift when LPS is reacted.with a 

. , 
o , 

"k'.'t4i. "; .h ." 
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Compar~sdh of the carbohyd~ate composition of the marine 

pseud~onad~ LPS~ extracted lfrom: (A), fel:nter gr~ 

'cells and ~B) batch culture cells • .... 
The trime'thylsilyl d~rivatives were chromatographed 

, ' 

On column n at an pven temperature of 180 C./ Peaks werè' 
\ 

identlfied as t 1: 2-amirio-2-deoxygalactose, 2. 2-amino-

2-~e~xyglucose and. galactose, }, ,~luco~e i . 4. gala~tose ~ 
, 

5. ~lucose, 6. 2-am~nô-2-d~oxygalactQse, and 7. 2-aDano-

• 2-deoxyglucose. The unl~beled peaks were not identified. 
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t carbocyanin dye, was used as a measure of the purity of the marine 

pseudomonad LPS and to demonstrate its simIla~ty to other bacterial 

1:I.POP~Char1des. The dye reagent bas an al,sorptilm maxilllUlll at 

510 nm and will undergo a shift to higher wavelengths when reacted 
, 

with proteins, nucleic acids and acidic polysaccharides. However, 

a shift to<lower wavelengths indicates the presence of LPS. Reac-
",' 

tian of the marine pseudomonad LPS with the dye resulted in a 

spectral shift to 468 nm (figure 4). There were no additional 

absorbance peaks with this preparation from 510 to 600 nm suggest-
1 

ing that the LPS was relatively pure. Numerous atteJ.,ts were made 

to develop this,procedure into a quantitative assay, however, the 
~ 

results supported the findings of Zey and Jackson (1973' which 

1 stated that repeated trials to construct reproducible standard 

curves exhibited extreme variability if numerous experimental con- • 

ditions were not rigidly controlled. 

ChemicaZ composition 

A sensitive and quantitative method was needed to determine the 

carbohydrate composition of the LPS because of the complications in-

volved in analyzing a cQmplex'mixture of monosaccharides particularly 

when they vere often present in minute amounts of mate.i~l. Paper , ., 
.J.; 

chromatography did not afford the resolution and degree of sensi-

tivity'that was required for the analysis and quan~itation by this 
, 

technique was unreliable. Thin layer chromatography looked as if it 

t 
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Fig. 4. Carbocyan:l!n dye scan of the mari.ne pseud01llOnad LPS. 
, 

,.. 

Scan 1 represents tHe dy~ reagent and pr~f~le 

2 ia the ~e reagent reacted with approximately 0.5 

mg LPS. 
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would be a useful method and' various solvent mixtures were examined 

for their ability to separate the LPS monosaccharides. However", 
1 

the separation was exc~edingly disappointing and quantitati~ posed 

the same problem as in paper chromatography. Gas-liquid chromato-

graphy appeared to satdsfy the requirements of s~nsltlvity, resolu-
l"'" • ~ -

tion of complex sugar mixtures and quantitative reproduclbil1ty • 

lnitially, the t~lmethylsllyl derivatives were used and a typical 

separation of sugar standards is shawn in figure 5A. Unfo~tunately, 

a'separate peak is obtained for both the a and a anomers of a mdno-

saccharide. The 2-amino-2-deoxy sugars sometimes resulted in as 
Q 

manr as ffur peaks upon derivatization. This provided extremely 

complicated chroma.tograms on which sugar mixtuTes could not be 

resolved as evidenced by the ~hromatogramoof LPS (figure SB). 

1 

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 monosaccharide 
, 

which simplified the chrc}ma~og'ram. The separation of standards was 

excellent and aIl the monosaccharides analyzed could be separated 

on a minimum of two column packings (figure 6). In early studies 

the HI-EFF and ECNSS-M columns (column C and E respec~ively) were 

.used for analysis of the alditol acetates. The peaks on.the ECNSS1M 

column t~nded to tail which made 1fcurate mea~~rement 

,d~ffiCUl\.;. Thè OV-275 column (D) 'was far superior to 

of peak areas 
f' 

column E' in 

,both separation and thernuU stability. Consequently, column D was 

.. 
fI t 
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Fig. 5. Carbohydrate ana1ysis of marine pseudomonad LPS by gas-
0I! 

liquid chromatography of the trimethylsilyl derivatives. 

Gas-1iquid chromatography was performed on co1umn A 

at 180 C. Chromatogram A contains derivatized standards 

and chromatogram B represents LPS. Peak identification: 

(1) 2-amino-2-deoxymannose; (2) 2-amlno-2-deoxygalactose 
1 

and galactose: (3) 2-amino~2-deoxygluco8e, 2-amlno-2-

deoxygalactose and galactose; (4) 2-amino-2-deoxymannose; 

(5) a,D(+)-glucose; (6) galactpse; (7) 2-amino-2-deoxyglu-
"1 

cose; (8) a.D(+)-glucose; and (9) N~acetylglucosamine. 

The remaining LPS peaks were not identified. 
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J 
of alditoi ac~tate sugar derivatives on the HI-

E 

1 • 

f
· Chromatogram A,' standards on OV-275 at 225 C and 

chromato~;am ~ ~tandards on HI-EFF at 230 C. Peak i~en-
'. tiflcatlon: 1, galactose; 2., glucose; 3, glucoheptose; 

, 
4, g1ucose,fnd.galactose~ 5, glucoheptose; 6,2-amino-

Z-deoxyglucose and 7, 2-amino-2-deoxygalactose. 
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employed ther~after instead of column E. Detector response curves 

, . ! 
wer~ calcu1ated for each aval1ab1e standard on columns C and p as 

( l / 
relative' to the internal standard, D-g1ucoheptose (figure 7). The 

, , 
o • , 

response curves for the derivatives of the standard sugars were 

obtained by chromat~graph ifig i~creasing amounts of each standard 
, 

.' 
with a constant allOtmt of internal" standard. The are as of the stan-

/ 

dard and internal standard peaks were measured and the ratio of thèse 

areas was plotted (Jones, 1970). In the case of'the response curves 

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

(figures 7~ and 7F). Linearitv was obtained with sugar concentra­

tions in the range of 0.005 to 0.05 Pmoles. Table 2 lists the K 

values obtained 'for the alditol acetate standards. The K values for 

62 

,1 • 

• 

heptose and the two unknown sugars were arbitrariiy chosen as 1.00 based 

on their relative retention times because standards could not be 

obtained for tl~se components. The K values 'were used in tbe quanti-
l , 

tation of the lPS sugars (see Materials and ,Methods section) and were 

.. dependent upon the type of column packfng and detector. D-glucohep-

tose was chosen as the internal standard for the gas-liquld chr~to-.. 
graphie analyses because: (i) ft eluted in a central position in 

, , relation to the LPS monosaccharides; (ii) it could be separated fTOm 
\ 

the LPS sugars in the columns employed, and (iii) it was easily 

obtainable in a relatively pure state. The original!y purchased pre-, 
/ 

paration demonstrated more than one peak wben derivatized and chroma-
I 

tographed (figure SA). One recrystallization in ethano1 resulted 

'- i 

\ , 
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1I'1g. 7. 

'--. ' 

~, . , 

Gaa-liquid chromatography detector response curves for ( 

'""1 the alditoi acetate derivative standards on columns 

OV-275 and HI-Err. 

Graphs A and B depict the detector responae curves 

for the aldito1~cetate derivatives ~f glucose and gal­

actose, respectively. Chromatography was performed on 

, ,-

the OV-275 column at 225 C. Graphs C and D represent the 

response curves,for the derivatives of 2-am~no-2-deoxy-

glucose and 2-amino-2-deoxygalactose, respectiveIy • 

. ~hromatography was performed on the HI-EFP c:olumn at 230 

C. 'Plots E and F represent the response curves for the 

derivative of glucoheptose (interna1 standard) on the 
\ 

OV-275 and HI-Err columns, respective!y. In graphs A-D, 

As/A:ts i8 the ratio of th~ ar~a of the stan'dard sugar peak . , 

to the'area of the internaI standard peak. In'E and F . 
the area of the interna! standard peak (Ats) ia p~otted 

direc:tly. 
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TABLE.2. 

Determination of the Kr vatues for the quantitation of ~o8a(J(Jharidss . 
by gas-liquid ch~atography of the atditol aaetate dBrivativesa 

Monosaccharide Mo1ecu1ar Kb Standard Co1U11ll weight dev:l.ation 

galactose 180.2 1.03 - 0.04 OV-275 

glucose 180.2 0.96 0.02 OV-275 

2-aœino-2-deoxyga1actose 215.6 0.59 0.03 HI-EFF 
, 

2-amino-2-deoxyglucos~ 215.6 0.54 0.04 HI-EFF 

heptosec 210.2 1.00 HI-EFF 

unknown 1 163.2 1.oq HI-EFF 
(2-amino-2,6-dideoxy-
g1ucose)C -

Il 
1Dlknown 2e 1.00 HI-EFF 

I~e interna1 standard, D-g1ueoheptose, was arbitrari1y chosen as 
K - 1.00. 

bIs - As Wis (~ee Materia1s and Methods for exp1anation). 
, Ais Ws 'IP 

e ' 
Since no standards were avai1able for these sugars the K values were 
determined fram those standards that chromatographed the eloses~ to 
theae sugars. 
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8. \ Examination of the/PUrity 

tion of D-glueoheptose by 

of the reerystallized prepara-

,f, 

gas-liquid chromatography. 
" , i 1 

Glucoheptosè hexaacetate was chroma'tographed on 
ç 

columa C at 230 C. Chromatogram A, original n-glucohep-

· ' i ' 
t~Be and chroFtogram B, D-g!ucoheptose followlng one 

reery8taÙi;~tion in ethanol., ' , 
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/ 
in a pure preparation which was sul1sequently added to al'1 s8mples 

as an internaI standard (figure BB). 

For gas-liquid chromatography, the LPS was hydrolyzed under 
1 

various conditions to determine the maximal release of the mono-

saccharides in each of the major carbohydrate groups present. The 
1 

1 • 

majority of the monosaccharide,s f!>und in the marine pseudomonad 

LPS were either hexoses or hexosamines. This data is presented in 

Table 3. Maximal re1ease of the'neutral carbohydrate was achieved 

by hydrolysis in- 0.1 N hydrochloric acid for 1 h at 100 to 105 C. 

Hydrolyzing the LPS in lower copcentrations of acid resulted in 

broad peaks with very long retention times which could only be attri-
'\ 

buted to the presence of disaccharides. Hydrochloric acid (1.0 N) 

for 1 h at 100 to leS C was necessarv for the maximal releas'e of the 

amino sugars. The neutral sugars were rapidly destroyed by this 

stronger hy~rolysis 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 

conditions for the re1ease of the carbohydrate from the fatty acids 

'\ 
prennt in the lipid A portion of the LPS MOlecule were also examined 

for quant ization purposes. Table 4 indicates that the maximum 

yield of 2-amino-2-deoxyglucose from l1pid A was obtained when 4 N 

hydt'ochloric acid was used for 4 h at 100 to 105 C. 
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TABLE 3. 

.4 

Deternrlnation of t~ hydrolysis conditions neaessazry for the ma:cimum release of monosaaaharides from 
the degrdded polysaacharide portion of the marine pseùàomonad Zipopolysaaaharidea 

Hydrolysis 
candi tions , 

hydroch1or~c t~me 

acid 
concentration (h)b 

0.1 N 1 
---0.5 N 0.5 

0.5 N. 1 

1 N 1 

l N 

2 S 

2 

2 

- 4 

N 

N 

N 

2 

1 

2 

4 

4 

galactose 

Q) 

9.73±0.OS 

8.22±0.10 

7.44±0.36 

7. 34±0!09 

3. 24±O. 08 

2""48±0.06 

0.94±0 .. 02 

o 
o 

% of degraded polysaccharide dry weight 

glucose'-

5.6S±0.03 

S.10±0.03 

4.28±0.24 

4.11±0.04 

1. 75±0.06 

1. 33±O.03 

0.41±0.01 

o 
o 

2-amino-2-
deoxyg1ucose 

N.A.c 

2.3l:t0.09 

---5.49±0.06 

6.25±0.03 

6.07±0.03 

5.75±O.14 

6.07±0:12 

6.87±0.IO 

5.97±,O.12 

2-amino-2-
deoxygalactose 

/' 

N.A. 

9.94±0.IO 

11. 09±0. OS . 

12.00±0.OS 

Il.22±0.06 

9.62±O.20 

9.9S±0.27. 

IO.28±0.07 

8.92±0.2l 
1-
• 

--
./ ---

". 

heptose 

3.16±0.03 

2.91±0.01 

2.37±0.02 

1.92±O.OI 

O.76±O 
( 

O.-49±0.03 

O.I6±O 

o 
o 

a • 
Quantitation was performed by gas-liquid chromatography of the alditol acetate deriva~es. 

b 
Hydrolyses were carried out in an oven maintained a~ 100 to 105 C for the specified.length o~~ime. 

~.A. - not-assayed. 
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TABLE 4. 
~ 

1 

" ' 

Dete~nati~~of the hy~ty8i8 oonditians nece88a~ fo~ the mazimum 
Ntease 0V~-amino-2-dsozygluc08e frtom the ,lipid A ponion of the 

'" UpqpoZYrJacchâJtidea, 

~ 

Hydrolysis conditions 2-amino-2-deoxyglucose 
Si 

hydrochloric acid time % of lipid A dry weight 
concentrations 1 (h) 

c' 
4 N, 2 1l.38±O.12 

1 \, 
4' N 4 13. SUO .14 

4 N 6 3.88±O .. 

; 
/J 

~xperimental condfti~S vere the s~ as those employed ,in Table" 3. 
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o 

With the hydrolysis conditions for the mar~ne pseudomonad LPS 
\ 

o 

established, ~as-liquid chromatography was performed using LPS sem-

ples that were hydrolyzed in 0.1 N and 1 ~ H€l for l h. AU LPS 

samples had to be hydrolyzed under both sets of çonditions. The 

chromatograms in figure' 9 illustrate the, separation of the carbohy-
, 

drate component~ in the degraded polysaccharide and lipid A portions . 
..., . 

of the LPS: AlI of'the monosaccharides, except glucose and galac-

tose, in the degraded poiysaccharide portion of the LPS were cleânly • 
t 

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 

O~-275 column. The amino sugars eluted exceedingly Iate on OV-275 
1 

69 

result ing in broad, barely detectable peaks; consequently, ,the remain-
8 _, 

der of the chromatogram was not shown. The lipid-A was chromatogra-
l ' ~ 1 

- phed on the HI-EFF column which showed chat 2-amino-2-deoxyglucose 

was the only identifiable component. The shoulders which are seen 

on the glucosamine and internaI standard ~eaks could not be identified~ 

h~ever, they made an insignificant contribution to the total peak 

area on the chromatograms. 

The'chemicai composition of the whole cell LPS is shown in Table 

5. T~tal neutrai carbohydrate was determined by the anthrone proce-
- -

dure rather than by the phenol-sulfuric ~cid assay. The latter method 

gave consistently higher values, a discrepancy wh!ch could not be 
\ ' 0 

explained. The lipid A portion ,of the LPS mole cule was assayed by 

, / 
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Fig. 9. Carbohydrate analY81s of degraded polysaccharide and I1p1d 

A from the marine tseudOlllOJ!,.4,!i LPS by ga8Jli~ui<l éhromato-." 

graphy of the alditol ~tate ~er,ivatives. 
j , 

Degraded polysaccharide was chromat~graphed on HI-Err' 
~ 1· ~ ~ 

(chromatogram A) and OV-275 (chromatogr~,B). Lipid A was 
o .. ' 

chromatographed only on HI-EFF (chromatogr~ C), •• p.e8.ks' . ( ., 

were identified as: l, galactose; 2, 'giucose;. 3., hept~se; 

4, glucoheptose; 5, glucose and galactose; 6, 'ûoknown 1; 

7, unknown 2; 8, heptose; 9, glucoheptose; 10, 2-amipo-
". 

2-deoxyglucose and Il, 2-amino-2-deoxyga1actose. Att., 

equal~ attenuation. 
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T A BLE S. 
! 

~06ition of the Upopolyaacollal'ids isolatea fZoom th. _. 
pseudomonad 

Coaponents 

TotaJfneutral sugars, 

glufose 
gal~ctose . ' 

heptose 

total amino sugars 

tmknown la 

tmknqwn 2 

2-amino-2-deoxyglucose 

2-amino-2-deoxygalactose 
,/ 

lipid A 
, 

2-amino-2-deoxyglucose 

2-keto-J-deoxyoctu1osonic acid 

prote in 

phosphate 

ash 

% of LPS dry weight 

24.9 ± 6.2 

4.64 ± 0.52 

7.99 ± 0.901 

3.06 ± 0.10 

27.7 ± 2.9 

1. 71 ± 0.03 

1.36 ± 0.09 

6.77 ± 0.27 

11.94 ± 0.21 

9.59 ± 0.91 

1.34 ± 0.13 

trace , 
1.0 ± 0.1 

3.0 ± 0.3 

19.2 ± 0.2 

~ls component W8S tentatlvely ldentified as 2-amino-2,6-dideoxy­
glucose (qu~novosamine). 

o 

71 

• 



the phenol-sulfuric acid procedure and "gave a positive reaction. 
1 

However, neuttal carbohydrate was not detected whe~ the lipid A was 

analyzed by gas-liquid chiomatography. Total amino sugar, as deter-

mined by a modified Elson-Morgan, showed that the LPS consisted of 

a slightly higher pereentage of total hexosamine than total hexose. 

The monosaccharides were identified and quantitated by gas-liquid 

chromatography of the corresponding alditol acetate derivatives as 

diseussed previously. The dominant monosaccharide was 2-~ino-2-

deoxygalactose which along with 2-amino-2-deoxyglueo~e, galactose, 

and glucose composed the major1ty of the LPS. Unknown 1 was tenta-
, 

tively identifted as 2-amino-2,6-dideoxyglucose (quinovosamine) by 

Dr. M.B. Perry (personal communication) uaing gas-liquid chromato-

graphy and ion exchange chromatography. Unknown 1 was found to be 

extremely stable to acid while unknown 2 was acid labile. O'Leary 

et aZ. (1972) diseovered two unknown monosaccharides in the LPS fram 

this bacterium and tentatively iden~ified them as quinovosamine and 

a 4-amino sugar. The 4-amino sugars are known to be exttemely aeid 

~abile (see review by Lüderitz and co-workers, 1966). Sinee there 

were not any standards available for these two sugars and due to the 

fact that O'Leary used descending paper chromatography, these results 

cannot be correlated with the gas-liquid chromatographie data. 
o 

There is also some discrepancy between these results and those obtained 

by O'Leary'and co-workers for the quantitation of the other monos ac-
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charides. Several factors should be noted: (1) O'Leary et al. ex-

«tracted LPS from a mixture of the marine pseudomonad variants 

because they"had not been dlstlnguished at that Ume (Gow et al., 

1973). This study used a pure culture of variant 3. (li) Lipopoly- ~ 

saccharides are known to underg(( alterations in the concentrations 

of some components with changing cultural conditions (MCnonald and 

Adams, 1971 and Frasch et al., 1976). These analyses were performed 

on fermenter grown cells rather than on batch cultures. 

Lipid A, isolated follow1ng the mild acld hydrolysis of LPS, 

vas quantitated by drylng to constant weight. lt was solu~le in 

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

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

component. The fatty acids vere Identified as matnly C12, and C13 
• 

with lower concentrations of CIO, C12 and C14 hy~oxy fatty acids 

(C. Den~ke, personal communication). Ooly a trace amount of KDO, 

usually less than 0.1%, could be detected by the thiobarbituric acid 

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

Dr6ge et al. (1970). A small amountvof contaminating protein vas 

detected, by the Lowry procedure, as weIl as a low concentration of 

organic phosphate. No inorganic p~osphate was detected. A high ash 

component was present and vas detected following combustion of the 
li. 

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

ents agreed vith thaS reported previously ~y O'Leary et al. (1972). 
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Approximately 20 to' 30% of the LPS could not be aceounted for, 

which apparently is a common problem in LPS research (Nowotny, 1971). 
/ 

lt was decided to examine the preparation for the presence of con-

/ . 1 
/ 

1 

taminating nuc1eic acids even though the LPS was treated with nucle- 1 
, 

ases. The LPS, dispersed in disti1led water with the he1p of gentle 

heati~ aë 37 C, yie1ded a broad absorPtion peak at 255 nm which dfd not 
" , 

compare with'an aqueous suspensioq 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 1ar,ge amounts of contam-

inating protein.(figure 10): Yet, an unknown component still contri-
l , 

buted ultraviolet absorption at 255 Dm sinee purified LPS shou1d not 

demonstrate any absorption maxima in the 210-300 nm regton of the 

ultraviolet spectrum. (Johnson et aZ., 1975). Lipopolysaccharide was 

dispersed in 0.1% Triton X-lOO and demonstr4ted a skewed peak again 

with a maximum absorban~e at approximate1y 255 nm an1l a shoulder 

between 240 and 245 nm (figure Il). Lipid A alone, dispersed in 0.1% 

Triton~X-lOO. absorbed ultraviolet 1ight over the same wave1ength 

1 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 LFS was read against the 

lipid A as a blank the 241 nm peak was lost with only the 255 nm peak 
1 

remaining. Therefore, there are two LPS contaminants, other than 

nucleic acid or protein, one of which can be attributed ta the lipid 

A portion and the other can be localized in both the lipid A and 

degraded polysaccharide. 1 
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Fig. 10. '"'Ultraviolet absorption scan of the marine pseudo-

monad LPS. 

Curve ",l, an aqueous suspension of LPS (550 

~g/ml), curve 2, an aqueous suspension of yeast RNA 

(160 ~g/m1) .and curve 3 represents the distilled 
/ 

water baseline. 
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FIG URE 11. 
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Pige Il. Ultraviolet absorption scan of LPS dlspersed in the 

\ 

~ 

nonionic,aetergent, Triton X-IOO. 
" 1 

Curve 1 consists,of lipid A in 0.1% Triton X-I00
1

, 

(250 ~g/m1) and curve 2 represents LPS in 0.1% Triton 

X-lOO' (809 pg/ml). In curve 3, the LPS samp1e was 
~ 1 

read agalnst the lipid A preparation as a blank. The 

Triton X-IOO bsseline i9 represented by curve 4. 
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Generot 8t~ctU1'e 

lt was advantageous to gain information concerning the genera1 

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

marine pseudomonad LPS. The LPS was hy~ro1yzed in 11. acetic aeid 

and separated into lipid A and degraded polysaccharide. The degraded 

polysaccharide portion was disso1ved in pyridinium acetate buffer 

(pH 5.4) and "appl1ed to a Sephadex G-50 gel filtration column, The 

samp1è was eluted in the srume buffer and the effluent was monitored 

for the presence of total neutra1 carbohydrate. Two peaks were 
1 

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

included Vblume of the column (figure 12). lt appeared that th~re 
) 

may be some very 10w molecular weight materia1 eluting just behind 

the second carbohydrate peak. Chromatography of the degraded poly-

saccharide on Sephadex G-25 showed that the low molecular weight 
1 

peak tailed slightly indicating the presence of some very 1ight 

material (figure 13), This material could he monosaccharides or 
,f 

carbon fragments that were 1iberated d~ring hydro1ysis. Schmidt et 

at. (1969) established that two carbohydrate peaks were extracted 

from E. coti when chromatographed on Sephadex G-50 under the condi-

tians used ta ob tain the resu1ts shawn i11 Figure 12. The higher 

mo1ecular welght peak represented a core-side chain fraction and the 

1ighter peak conslsted of core a1one., Llpopolys8ccharldes which do 

not contaln 8 side chain gl~e rise to a single 10w mo1ecu1ar weight 

peak. Thus, the results in figure 12 support the conclusion that 
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Fig. 12. Detection of, core and core-side chain fractions by Sepha-

.. 

, -

dex G-50 gel filtration of the degraded polysaccharide 
1 t ' 

r 

portion of the marine pseudomonad LPS • 

_Degraded'polysaccharide (11 mg/ml) was chromatographed 

in pyTidinium Acetate buffer (pH 5.4). The cqlumn effluent 

was assayed for ~eutral carbohydrate, 0'-'0 and the void 

volume of the column was determined with 0.2% blue dèx~ran 
~ 
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FIG URE 13. 
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Fig. 13. Gel filtration of degraded po1ysaccharide on Sepha- ' 

dex G-25. 1 _ J 

.. The experimental conditions were the same as 

those descrfbed for figure 12. Total neutral carbo-

hydrate 0-0. Blue dextran • -.'. 
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the LPS isolated from the marine pseudomonad contains both a core 

and side chain. Additional support for the results indicating that 
! 

the marine pseudomonad LPS contained an O-antigenic side chain 

stemmed from the observation that LPS co~ld not be extracted fram 

this variant with the phenol-chloroform-petroleum ether extraction 

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

that lipopolysaccha~ides that contain O-antigens cannot be extracted 

by this method. 

Looalization 

Nelson and MacLeod (submitted for publication) demonstrated, 

immunologically, the presence of LPS in tbe cell wall layers of the 

marine pseudomonad. Efforts were also made to demonstrate ,the 
, ' 

presence of LPS chemically by analyzing for KDO and h~ptose,in the cel1 

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 the wall layers 

1 

based on ~he ambunt of KDO present discrepancies resulted. To re-ex-

amine these observations, LPS and the cell wall layers isolated fram 

the marine pseudomonad were assayed 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 

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

tute much of an improvement over the KDO procedure since there vere 
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Fig. 14. Detection of,KDO in LPS and the cel1 wall 1ayers of 

the marine pseudomonad by scanning wavelength spec-

trophotometry following the thiobarbituric acid 

assay. 

Curve l, LPS; curve 2 t loosetY bound outer 

1 layer ; curve 3, out~r doub1e-track and curve 4, 

periplasmic layer. In each case l mg of material 

was assayed. The absorbance maximum of KOO is 549 

Dm. 
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no détectable abso~tion peaks at the maximum wave1ength of 505 nm 

(figure 15). The results supported Ne1son's earlier observations 

which indicated that KDO and heptose could not be used as LPS indi-

cators in the ce1l wall layers because o~ their 10w concentrations 

and the lack of reproducibi1ity of the analytical results obtained. 

! 
The carbocyanin dye procedure gave an improved method of LPS 

detection in the ce~l wall layers as seen in figure 16, however, 

this procedure was not quantitative, as w described previons!y. 

The spectral shift to a lower wave ength was observed with each of 

the cell wall 1ayers with a ight differénce among the actual wave-

length maxima. -There was also the ~esence of large absorption 

peaks at the higher wavelengths which was to be expeeted sinee the 

wall layers contained protein and lipid in addition to the LPS. The 

material releasedl into the gro~h medium also contained some LPS 

while the cytop1asmic membrane either failed to demonstrate any LPS 

or showed only a trace. 1 ,. 
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FIGURE 15. 
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Fig. 15. 'Detection of beptose in LPS IJPd the cell wall layera 

by sèanning wavelength spe~trophotomet;ry. 

Curve 1, LPS; curve 2, loosely bound outer layer; 

curve 3, outer doub1e-track; curve 4, periplasmic- 1ay-

er; and curve 5, D-glucoheptose (50 pg). The heptose 

Bssay WBS cOnducted on 1 mg of each of,the other samples. 

The absorbance ~mU1ll of heptose is 505 nm. 
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Fig. 16. 
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Localization of LPS in the cell wall layers and ,in 
, 

the material released into the growth medium uaing 
1 ( _ 

the carbocyanin dye procedure. 
, ) 

,The' samples were reacted with 'the carbocyanin 

v dye ~d scanned to observe the shift in a~sorb~ce l 
• maximum. Scan 1, 20 ~g loose~y bound outer layer; 1 

scan 2, 100 ~g outer double-track; scan 3, 100,pg 

pe!iplasmfc layer; scan 4, 100 Pg cytoplasmic mem­

brane; scan S, 100 pg uaterial from growth medium; 

and scan 6, dye reagent. 
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18 E C T ION, II 

HETEROGENEITY OF WHOLE CELL LIPOPOLYSACCHARIDE 

Method for the deteromination of heterogeneity 
, 1 

The whole cr1l LPS, extracted from the marine pseudomonad and 

purified, was us~d for studies on LPS hete~geneity. Heterogeneity 

W8S examined using SDS-polyacrylamide gel e1ectrophoresis which em-

p10yed a buffer consisting of 0iOS M Na2HPO~ - 0.05 M Na2MoO~ - 1% 
1 \ 1 

SDS. This buffer was a modification of that used by Shapiro et at. 

(1967) for the separation of polypeptide chains. lt is weIl 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; Weige!, 1963 and Zittle, 1951). Migration 

la the reault of complex formation between these anions and free 

hydroxy1 groups on the carbohydrate and, f~~ this resson, sodium 
'" 

molybdateowas included in the electrophoresis buffer. Modifications 

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

individua! buffer components and (ii) to determine the effeèt of the 
\ 

components on the electrophoretic mobility of the LPS. 

Po1yacrylamlde gels that contained LPS samples were fixed and 

stained accordtng to the ,procedure outlined in Table 6. This proce-
\ 

dure W8S developed from that used bY,Zacharius and co-workers (1969), 

for the stalning of g1ycoproteins. lt was discovered that if the 
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T A BLE 6. 

Periodate-Sahiff procedu1'e UBed to stain tipopot.ysaccharidss 

1. Fix gels in 20 ml 12% trichloracetic 
acid'in 50% methano1 

2. Rinse in distilled water 

3. Immerse gels in 20 ml 1% perlodate 
in 3% acetic acid 

4. Wash six tlmes in 200 ml distilled 
water 

5. Immerse in 20 ml Schtff reagent in 
the dark 

6. Wash gels three times in 50 ml 
freshly:: prepared 0.5% sodium 
metabisyf tte 

7. De8tain~18 in 100 ml 7.5% acetic 
acid ,t 30 C with constant shaklug 

8. Store gels in 7.5% acetic acld ' 

Time 

1 h or overnight 

3 h 

10 min/wash 

2 h 

10 min/wash 

overnlght 

a AlI procedures are carried out at room temperature unless 
otherwise noted,. 
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12% trichloroacetic acid was made up in 50% Methanol more efficient 

fixation was achieved with complete fixation occurring in as short 

a period of time as 1 h. lt was aIso found that ma~1mum periodat, 

oxidation did not occur unt!l after 3 h and that the staining time 

had to be 'extended to 2 li. Due to the presence of SDS in the gels', 

destaining could not be pèrformed in distilled water without d!s-
, 

coloration of the gel. Instead 7.5% acetic acid was used for destain-

ing the gels. Destaining could be completed overnight if constant 

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

Electrophoresis of the marine pseudomonad LPS extracted fram 

variant 3 is shawn in figure 17A. The LPS separated into three car~ 

bohydrate staini~bands which we~e designated LPS l, II and III, as 

a matter of convenience, in order of increasing electrophoretic 

mobility. When compared to LPS extracted from variant l of the 

marine pseudomonad tnere did not appear to be any difference in the 

location or number of ~arbohydrate bands (figure 17B). It must he 

pointed out that the variants are distinguished on the basis of col­
I 

ony morphology (Gow et al.:I 1973). " Esonezoichia coU and SalmoneUa 

typhimurium lipopolysaccharides, after SDS-polyacrylamide gel elec-

trophoresis, separated into two and three carbohydrate staining 

bands, respectively (figure 17c and 17D). The LPS from Neissszoia 

meningitidis gave only a single homogeneouB band which migrated ~t 

the position of the lowest earbohydrate band found in the other 
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Fig. ~7. Polyacrylamide gel electrophoresis of lipopolysaccharides 

extracted from var!ous Gram-negative bacteria. 
'\ 

Electrophoresis was performed for 5 h at 5 mA/gel in a 
1 \ 

0.0.5 M Na2HP04 - 0.05 M Na2Mo04 - 1% SDS buffer. The gels 

were 5% acry1amide and samples were electrophoresed towards 

tbe anode. LPS was detected by staining'l with the Sch!ff 

reagent after periodate oxidation. Gel At marine pseudo- -

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

Ct E. coU; gel D,' S. typhimuriwn; Gel'~! p. ae'PUginosa 

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

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

E, 338 pg. 
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bacterial lipopolysaccharldes (figure l7F). P8e~ona8 ae~no8a 

LPS (Figure l7E) repeatedly failed to stain clearly even when as, 

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

due to ~he prese~ce in the organism of LPS which is highly branched. 

An LPS which is highly branched would not be oxidlzed complet~ly by 

periodate due to the lack~f adjacent free hydroxyl groups in the 
) 

moleéÛle and, consequently, will not bind the stain. A faint ,band 

ean be seen, however, at the position of the lowest bands itl the 

other LPS gels. 

Charactereizatio'n lof (14è 1 radio labe led Zipopo Zysaoaha1'ide fol' use 

in heterogeneity etudies 

Sodium dodecyl Bulfate-polyacrylamide gel electrophoresis was 

also performed on LPS labeled by growing'variant 3 in the presenee of 

r1 4C]galactose. Figure 18 shows the separation of the (14C1LPS com-

ponents in the 0.05 M Na2HP04- 0.05 M Na2Mo04 - 1% SDS electrophoresis 

buffer. The radiolabeled LPS W8S also stai.ned for carbohydrate with 

the Sch1ff reagent after electrophoresis and the stained bands were 

compared with the radioactive profile and corresponded~exactly. This 

gave two separate methods of detection of the LPS components, thus 

confirming ~he heterogeneity of aqueous phenol extracted LPS from the 

marine pseudomonad. Compar1son of bath methods a1so indlcated that 

there W8S no selective staining of one or several of the LPS compon-

ents by the Schiff reagent or specifie labeling by [14C]galactoae. 
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Fig. 18. Separation of [14C]labeled LPS components by SDS-poly-

\ acrylamide gel electrophoresis. 

1 

The electrophoresis buffer consisted of 0.05 M 

Na2HPO .. - 0.05 M Na2MoO .. - 1% SDS. The gel, was frac­

tionated a~ counted for radioactivity with each frac­

tion equivalent to 1 mm of gJl. Electrophoresls time 

was 5 h at 5 mA/gel. 
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Usually 80 to 95%-of the [14C]LPS was recovered from the polyacryla-

mide gels. 

The marine pseudomonad LPS could not be radiolabeled specifieally 

because 'of unsuecessfùl attempts to isolate a proper mutant. Mutants 

were needed that lacked one of the specifie transferase enzymes in­

volved in core elongation during LPS Ibiosynthesis (Nikaido, 1962). 

During attempts to isola te LPS deficient mutants, several problems , 

became immediately evident. lt was not known (i) if the LPS biosyn­
\ 

thetic enzymes in the marine,pseudomonad were the same as those char-

acterized on1y in',)E. eoU and S.typhimurium, and (U) how to selec-

tively screen for such a mutant in the marine pseudomonad. Several 
, l' 

attempts to isolate mutants were made using ultraviolet irradiated 

cells, picking the minute colonies and repliea plating onto suceinate 

defined medium with and without galactose. Again, -it was assumed ., -

that the marine pseudomonad might behave similarly to E. aoZi and S. 

typhimurium in that a mutant eell containing a defectiv~ LPS would 

grow without galactose but if gal~ctose was present UDP-galactose 

would accumulate and after one or two generations the eells would lyse 

" (Fukasawa and Nikaido, 1961). AlI colonies that were selected grew 

\_ at an increased rate in the presence of galactose and never lysed. 
ct 

lt was already known that the LPS in variant 3 could be ·radio-

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

Lipopolysaecharide, labeled with [14C1.by adding [14C]galaetose during 
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growth of the cells, W8S hydrolyzed to release lipid A and degraded 

polysaccharide. The fractions were separated, dried to constant 

weight, and their specifie activitjes were determi~d (Table 7). 

There was approximat~y a ten-~ld difference between the specifie 

activities of the degraded polysaccharide and the lipid A portions 

of the LPS molecule. The lipid A was hydrolyzed) and separated into 

carbohydrate (water soluble) and fatty acid (petroleum ether soluble) 

fractions. Practically aIl of the label was discovered in the water 

soluble portion. Descending paper chromatography of the water pnase 

demonstrated that 2-amino-2-deoxyglucose was th~ primary carbohydrate o 

\ 

component and that most of the label was in this monosaccharide 

(figure 19)., 

Hydrolysis and chromatography of the degraded polysa~charide 
f 

portion of ~he LPS molecule showed that most·of the label was in 

2-amino-2-deoxygalactose, 2-amino-2-deoxyglucose, and galactose with 

the remainder spread througqout the other mo.nosaccharides (figure 

20) • This was the best separation that could b~ obtained on one chrom­

atogram due to the presence of both hexosamines andhexoses in the same 

sample; thus, the overlapping of the label. Unlabeled degraded poly-
" 

saccharide was also hydrolyzed 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 t~e release of both 
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TABLE-. 7. 

Spem..fic aotiVity of 1 the manne pseudomcnad r.Jhole cez:L 
ZipopoZysaocharid8a 

, 

'(' 

Compound or fraction Specifie activity 

(CPM/mg) 

% of total CPM . " 

LPS 

Degraded polysaccharide 

2.20 )( 10" 
1 1 

Water phaae 

~etro1eU1l ether phase , 
• 
\ 

·t 

99.3 

0.7 

\ . 

~e cells were labeled with r14C]gaiactose and the LPS was 
extracted and purifled. 

bThe lipid A was bydrolyzed, ln 4 N HCI for 4 h and then phased 
vith petroleum et1}er. The water phase contained the carbohy- \ 
draté components and the ether phase,contained the fatty acids. 
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Fig. 19. Distribution of r~·4C)labeled carbohydrate components in 

the lipid A'portion of the LPS molecule as demonstrated 

by descendlng papel." chromatography. 

The hYdrOlY~~C]l;Pid A ~as chromatographed in 
, ,fNII' 

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-deoxyg1ucose, respèctively. 

Each fraction of the chromatogram consists of a ~.5 c~2 

square which was counted for ra~1oactivity. The radio­

labeled profile wes compared to th~ positions of the 

standard hexosamines. 
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Fig. 20.' Distribution of [1"C1labe1ed' carbohydrate components in 

the degraded polysaccharide portion of the LPS molecule 

as demonstrated by descending paper chromatography~ 

" 
Experimental conditions were the same 8S in figure 

19, except chat ana1ine phtha1ate W8S used, in addition 

to ninhydrin for the detectlon of monosaccharide stan-

dards. Spot 1, 2~amino-2-deoxygalactose; spot 2, 2-
, 

81Ilino-2-deoxyglucose; spot, 3, galactose and spot 4, glucose. 
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Fig. 21. Separation of LPS carbohydrate componenta, by descending 

paper chromatography. 

-1> Experimental conaitlons were the same as those in 

fIgure 20. The samples that were applied were: 1, glu­

\ ~ose; 2, galactose; 3, 5 mg degraded polysaccharide 

(hydrolyzed in 0.5 N HCl for JO min); 4, 5.3 Dlg degraded \ 

polysacch~ride (hydrolyzed in l N HCI for l h); 5, 2-

amino-2-deoxygalactose and 6, 2-amino-2-deoxyglucose. 

Chromatogram A was sprayed with, anallne phthalate and 

chromatogram B with ninhydrin • 
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neutral and amine 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 aprayed with ninhydrin to detect amino 

sugar" (figure 2lB). Therefore, the degraded polysaccharide conda-
\ 

ted of those components that were detected in both s'amples 3 and 4 

on the chromatogram. Even though the sugars were. separable they 

tended to streak together. What these experiments do demonatrate, 

however, is that the LPS was extensively labeled in the polysacchar-, 

ide chain and in the ,_~arbohydrate portion of the lipid A. 

, 
FaotoP8 affeating the sepamtion and eLect1"Ophol'etia mobiUty 

of the ZipopoZY8aa~hazoi,de aomponent8 , 

The migration of the LPS s8mples, in variations of the electro-

phoresis buffer, was examined in order to determine those ~actors 

responsible for LPS mobility. ~ubstituting 0.05 ~ Tris for Na2HPO .. 

in the original electrophoresis buffer did not alter the migration 

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

lipopolysaccharides when electrophoresed in a buffer in which 0.05 M 

Tris replaced both Na2HPO .. and Na 2MoO .. are shawn in figure 22. The 

normal banding patterns occurred, but LPS remained on the surface of 

the gel in. aIl cases suggesting that although the Na2MoO .. was not 

the primary factor involved in the electrophoresis cif LPS it did con-

tribute to the complete migration. 
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Fig. 22. Electrophoretic mobllity of various lipopolysaccharides 

upon polyacrylamide gel e1ectroPhoresis in a buffer con-

l' 

\ 

taining 0.05 M Tris - 1% SDS. 

Electrophoresis Ume was 2 h and 45 min at 5 mAI 

gel. Lipopo1ysaecharides were detected vith the Schiff 
J 

reag~nt. Gel A, marine pseudomortad (var. 3); gel,B,\ 

marine pseudomonad (var. 1); gel C, E. coli; gel D, S. 

typhimu1"Îum; gel E, P. ael"UgÏnosa; and gel F, N. men'iri.-

gitidis. The amounts of LPS app1ied to the gels werè: 

A, C, n and F, lQ,O lIg; B, 200 lIg; and E, 550 lIg. 
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To examine the contributiOn that SDS aa~eé to the electrophqre­

\ .. 
sis of the li\OPOlYSacéharide~, 

was used in place of SDS in the -. 
the nonionic detergent, Triton X-lOO 

electrop~ores~s brffer and the solu­
\ > 

bi~izing solution. The cObcentration of Triton used was 0.1% ainee 
q 

at 1% thé Triton precipita~ed during the fixation and staining,proce-.. 
dures. A Triton concentration of :10.1% was enough for conlplete ,olu~ 

bilization of the.LPS. lt should ije ~oted that the separation of the 

LPS eomponents by electrophoresis could be achieved in O.l%\SD~ with-
\ • 1 

out any changes in the mIgration pattern'. However, .Bince greater 

"' 

amounts of LPS could be solubilized in 1% SDS, a necessary requirement 

for preparative ge}.s,\ it was decided to remain with this concentration \ 1 . \ 'J 

of SDS in the analytical gel system as weIl. Figpre~3 show~ that 

there was no sep~ration of the .LPS cdmponents fol~owing electrophore-
~ . 

sis in the Triton X-lOO bulfer. The N. meningitidis LPS was the orily ~ 

s'8Jllple that completely entered the g!'!l and remained as a single homo­

·.g~n~ous ba~d ln a ~nner sim1lar to that when electrophores~ was per- 1 

• • t'l , 

\ formed in the SDS buffer. 
, . 

(} 

\ The lipopolysaccharides that were extracted from th~ various baé- 0 

\ î 

teri~ contained small amounts of coqtamihatlng protein (Table 8) 1he 
. \. " -'" 

"electrophoretic mobility of the LPS ~as not due' to or affected by the 
l , 

migration of the protein because different batches of LPS extracted . 
\ • - r • • <l • 

. from thè marine p8eud~onad contained varying concentrations of pro-

tein yet the migration distances ot the LPS components in these 
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1 FIg. 23. Ele~tropboretic mobl1ity of various lipopolysacchari4es 

solubilized and electrophoresed in a buffer containing 

Triton X-l'OO. 

The electrophoresls buffe~ was composed'of 0.05 M 

Na2HP04 - 0.05 M Na2MoOa. - O. U Triton X-lOO. The time , 
'-. 

of electrophoresis was 5 h at 5 mA/gel. Samp'les were 

(the same as' ~hose us~d in figure 22. ~e concentrations 

of tPS appl1ed to each gel were: A, 200, 1Jg; B, C, 'n, 
J 

CJ and F. 300 1Jg apd-E, SOO ].Ig. 
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T A BLE 8. 

Protein aoncentrations of upopotysaaahmdes eztracted btith phenol­
~atep f~ various G~-negative bactePia 

Bacteria Protein as % dry weight of LPS 

Marine pseudomonad (vari~t 3) 2.7= 

Marine pseudomonad (variant 1) 2.8 

Escheriahia coti 0111:B4 4.6 

Salmone t ta typhimu:t>ium LT2 4.5 
Il 

P8eudomonas ael'Ugino8a 1 2.0 

Neisseria meningitidi8 3.3 
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remained the same. Locating the peptide bands in the LPS gels was 

difficult because of the low concentrations of protein in the LPS 

samples. The, gels had to be heavily overloaded with sample in order 

to apply enough protein for its deteetion DY stairting and even under 
1 

these conditions localization of the peptide bands vas not definitive 
\ 

(figure 24). In ~ddition, the electropnoresis buffer used in this 

system for carbohydrate samples resulted in diffuse pepUde bands à 
f 

because of the improper pH of the buffer for use with protein samples 

and ~e fact that stacking gels were not used. 
\ 

, \ 

A detergent had to1be included in the electrophoresis buffer and 

corresponding solubilization mixture in ~der to disperse the hydro­

phobie lipopolysaceharides. lt wa~*found that heating the LPS in the 

presence of a detergent in a bolling water bath was not essential for 

..402 

solubilization. Meehanically 8h~king the LPS sample in the solubiliza-

tion soluti~n for several hours at room temperature yielded a clear 

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

bath for 5 to 10 min.exhibited an ia,entical electrophoretic pattern 
\ . ' 

(figUre 25). Various heating times ~lso failed ~o alter the banding 
, " 

pattern of the LPS and thus did not present the SBme problem as re-

" ported by Schnaitman (1973) for prote!n solubilizatlon. ~ 

\. 
Since it was estab1ished that SDS was responsib1e for the elec-

trophor~tic mobility of the LPS the most likely site of SDS binding 

ta the mo1ecule was the lipid A. With this observation, in m1ond, the 
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Fig. 24. Presence of protein contamination in lipopolysaccharides 

extracte& from several Gram-negativ'e"bacteria as d~ter-

mined by SDS-polyacrylamide gel electrophoreais. 

The lipopolysaccharides were electrophoresed in the 

0.05 M Na2HPO .. - 0.05 M Na2MoO .. - 1% SOS buffer and the 

gels were stained e1ther with the Schiff reagent for car-

bohydrate or Coomassie Brilliant Blue for proteine Gels 

a and,b contatn LPS extracted from varlant 3 of the mar-

ine pseudomonad and are statned for carbohydrate and pro-

tein, reapectively. r~ls c and d contain S. typhimurium 

LPS. Gel c 1s sta1ned for carbohydrate while gel d la 

sta1ned for proteine Gels e and f contain E. aoli LPS 

and are stained for carbohydrate and protei~, respectively. 
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FIGURE 25. 
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Fig. 25. Effeet of varying the conditions used in the solubl1i-

zatlon of LPS for SDS-polyacry1amlde gel e1ectrophore-

sIs. 

Gel A, LPS solubl1ized by heating in a boillng water 

bath f,or 5 to 10 min and gel S, LPS solubilized by mech-

aniea1 agitation at room temperature for 2 h. 
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lipid A and degraded polysac~haride portions of the marine pseudomonad 
\ 

LPS mole cule were isolated and examined in the gel electrophoresis 

system. Lipid A will not stain with the Schiff reagent consequently 

[1 4 C] labeled LPS was used in the study. The LPS was subjected to 

mild acid hydrblysis and tfre lipid A and degraded polysaccharide frac-

tions were separated ~y centrifugation and solubilized. Sodium do-
o • 

decyl sulfate-polyacrylamide gel electrophoresis of the fraction~ in 

0.05 M Na2HP04- 0.05 M Na2Mo04 - 1% SDS gave the profiles illustrated 

in figure 26. The degraded"polysaccharide fraction ~grated as a 
( , 

broad pea~ which did not" completely enter the gel (figure 26A). Only 

69% 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 found at 

the surface of the gel; thus, it had migrated to the same position as 
\ 

the degraded polysaccharide peak in figure 26 A~ The o~her radiola­

be1ed peak, in the lipid A preparation, mdgrated well'into the gel. 

It would appear that the lipid A is represented by the peak which 

has thi faster migration rate and that the,p~eparation is cont~inated 

with degraded polysaccharide. Figure 26C is the whole cell LPS con­

trol showing the relationship of ,the electrophoretlc mobilities of 
• 

Cf 

the ~hree LPS components to that of the lipid A. The lipid A peak 

migrated to the same position as that of LPS III, ,b6wè~er, gas-liquid 
\ _ 0 

chromatographie analyses showed that these fractions were not similar 
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Fig. 26. 
, \ ", , 

'Electrofhoretic mobility of the.lipid A and d~~raded . , 
, l , 

polysaccharide portions of the LPS molecule. \ '~ 
l, ~' 

Lipopolysaccharidetlabeled with [14Clt was hydro-
" '" -" 

a 

lyzèd' in 1% acetic aeid and separatè& into 1ipid A ~d 
• 0 < A 

, degrade'd poÎysaccharide bi c~nJ:r~fugation. Gel profile 
, J,fI. .' 0,' , 

~ [l~Cldegraded polysacchàride; profile B, [14C]lipid 
" '1 , 

A preparat~on and profile C, whydrolyzecj)- LPS control. 

Lipid A and degraded p.olysacchadde ar~ des'ignatêd LA 
II! 

and DB, respectively. 
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in composition (see Results, Section III). The results emphaslze 
.> 

that the lipid A component of the LPS mblecule 18 the causative agent 
( 

in LPS migration because once the lipid A is removed from the mole­

cule m1~ration is severely retarded. This Information strongly 
1 

supported the existence of a lipid A - SDS comptex in the SDS-poly~ 

acrylam1de gel system. The role of li~id A in LPS migration compli-

eates the interpretation of the molecular slze of the LPS components 
, 

since the migration distance of each component ls a function of both ' 
\ 

moiecular size and amount of Iipid A. 
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SEC T ION III 

c. 

CHARACTERIZATION OF THE LIPOPOLY8ACCHARIDE COMPONENTS 

, ,Isolation 

Marine pseudomonad LPS, 1.5 mg/gel was electrophoresed in 0.05 .. 
M N~2HP04 - 0.05 M Na2Mo04 - 1% SDS. One gel was stained by the 

periodate-Schiff procedure as a guide for locating the bands (fig-
1 

ure 27). The re~ining gels were sectioned between bands by cutting 

the gèls "with a razor blade. The corresponding gel sections were 
1 

centrifuged at 12,000 x g (Sorvall 88-34 rotor) for 15 min to remove 
\ 

acrylamide and the s~pernatant fluids were dialyzed against di~tilled 

water containing 0.02% sodium azide for 48 h at room temperature. ~e 

" 
dialysates weré concentrated and lyophilized. The LPS bands that 

were isolated from the preparative gels were individually' resolubil-

ized in the SD8 solubilizing solution by heating, for 5 to 10 min. Each 

LPS band was electrophoresed on separate analytical gels and figure 

28 illustra tes that the resolubilized components maintained 'their 

hOllO~Ane1ty and could be isolated in the intact and pure s'[ate. , The 

main problem with the procedure was that the recovery of the LPS was 
" 

only 50 to 60%. 

.. 
• ChemicaZ composition 

Detailed carbohydrate analysis of L~S l, II and IrI W8S necess-

ary to establish that these components were ~ctual molecular species 
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" Separatiop of the marine pseudomonad LPS components on 

pre~arat1ve polyacrylamide 'gels. 

Lipopolysaccharide (1.5 mg) was e1ectrophpresed in 

0.05 M Na2HP04 - 0.05 Na2Mo04 - ,1% SD~ for 7 h at 10 

mA/gel after which time the gel was stained by' the per-

iodate-Schiff procepure. 
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Homogeneity of the isolated LPS~species as oevidenced by 

re-electro;horeSls on SDS-polyacrylamlde gels. 

Each LPS species was isolated from the preparatlve 

gels and resolubilized. Gel A, whole cel! LPS; gel,B; 
1 

LPS 1; gel C, LPS II and gel D, LPS Ill. " Electrophore­

sis Ume was 3 h at 10 mA/gei.' 
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of LPS. Their carbohydrate compositions were compared to those of 
f 

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

cation and quantitation of the carbohydrates ~re p~forméd in the, , , 

same manner as for the whole The retention times of the 

derivatives sugars that were found in the LPS com-
t.: 

ponents were compared to tl se of the derivatives of the sugars 1n 

the whole cell LPS and of~uthentic standards. All conditions weEe 

equalized by measuring t~e retent10n times as related to the reten­

tion ti1Jle of D-gIUCOhep~ose he~aacetate. The relative rtention : 

times,on both columns C and.D, are shown in Table 9. ,T? only major 

discrepancies occur"ed in the relative retention timte10f the dedva­

tives Qf.2-amino-2-deoxyga1actose found in the core r gion and in LPS 
~ 

III compared ,to the standard. Co-chromatography de nstrated that 

these peaks were the sarne sugar. The chromat~ram of LPS l, II and 

III, core and core-side chain on columns C and D re i11ustrated in 

figures 29 and 30 respectively •• The carbrhydr~te compositions of the 
• 

'. 

LP~ components, core and core-side chain fractions are 1isted in Table 

10. The composition of whole ce II LPS represents the concentration 

of each s'u~ar in a mixture of the three 1.PS componenta. Th~ cor~ frac­

tion from whole cel1 LPS lacked unknown 1 whi~e both unknown"" sugars 
/ 

1 

1 and/2 were missing in LPS III,.' Since unknown sugar 1 w§08 present 

in the core-side chain fraction, but not· in the core alone, it can be 
i r 

t cltsified as a characteristtc side chaf.n cOlllponent f.n th,e marine 

p,eudomonad LPS. Llpopo1ysac~harides l and II contained low levels 
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CtmtptrM.son of the 1'etention times of the a'ldito'l aeetates of the sugazos from the manne pseudomonad Z,ipo­
po'lysacchaPide tractions ~ molecu~ species ~lative to ~glucoheptose he~etatea 

compounl ilr 

D 

derivatized 
stanQa-rds 

degraded 
polysaccharide 

1ipid A 
core 

1" OV-275 co1umn 
, at 225 Ch 

glucose , 

" 0.46 0.53 • _ 

0.43 0.51 

0.43 0.50 

RT Glucoheptose 

glucose + unknown 
galactose 1 

0.49 

0.50 0.56 

.... 
0.50 

HI-EFF column 
:--- at 230 Ch 

tmknown hep_tosê 2-amino- - 2-amino-
2 glucose- galactose 

0 

1.43 1.69 
r;-

0.64 0.92 / 1.45 1:72 
g 

1.45 

0.64 0.90 1.44 1.77 

~ core-side chain 0.43 0.50 0.50 0.56 Q 0.64 0.90~ 1.44 -1.70 
" ~ 

'LPS I 0.43 0.50 0.50 0.56 0.64 0.91 1.45 1.71 " 

LPS II" 0.43 0.51 0.50 0.56 0.64 0.91 1.45 1. 71 

0.50 o. 90" ~ 1.44 1.77 0 0 •. 43 r -0.51 
~ 

-LPS-, III 
o. --- ------_._-------- - _ .. _-- ---~-----

~glucohePtose hexaacetate • 1.00. 
b . - " , 

Actual retention times of D-g1ucoheptose hexaaceta~e on OV-275
o
anq HI-EFF are 24.25 and 17.50 min, 

respectiv~y. " . 
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F~g. 29. Gas-liquid,chromatographic Jrparatlon ~f thé mono-

.saccharides present in 1PS l, II, ~II, core and core-

aide cha'in on the HI-EFF c'olumn. 

othe aiditoi acetate derivatives were empIoyed. 

!~omatogram A, ~PS l,; .B. LPS II; Ct LPS III; D, ':.J. 
core add E, core-aide chain. The peaks were id~nti-

. 
fied as:-1, glucose an~'ga1actose; 2, unknown \i 

., 
3, unknown 2; 4, heptose; 5, internaI standàrd;, '6, 

1 ~ 
2-amino-2~deoxyg~ucose and 7, 2-am!po-2-deoxygalactose; 

. 
v The column was operated at 230 C. ~tt. equais attenu-

ation. 
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Fig. 30. Gas-liquid chromatographie separation of the monosac-

charides present in LPS l, II, III, core and core-side 

chain on the OV-275 column. 

The derivative that was used and the ehromatographed 

material was the same as in figure 29. The peaks repre-
\ ' 

sent: 1, galactose; 2, glucose; 3, heptose and 4, in-

ternal standard. The re1Îl8ining peak~ were not identi-, 

fied. The eolumn was operated at 220 C. 
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• . T A 'B L E 10. 

C03."bohytboa:te analysis of lipopoZysQf!charids fractions and mo1-eeular species fl'01l! the 11IClPine pseudomonad. 

J{onosaccharide 

LPS core 

glucose 4. 64±0. 52 1. OO±O. 02 

7.02±O.16 galactose 7.99±O.90 .-

heptose '3.06±O.lO 8.29±O.O9 

·unknown 1 1. 71±O.O3 0 

unknown 2,. 1. 36±0. 09 0.64±0.03 

2-8Jlino-2-
deoxyglucose 8.11±O.40 1. 70±O. 23 

- 2-8lIino-2-
deoxyg81actose 11.94±o.~1 8.16±O.16 

;' 

/ 

% of dry weight 

core-aide chain LPSI 

7.11±O.32 O.44±0.03 .. 
9.9S±O.98 3.04±O.38 

1.08±O.l2 O.l7±O.O3 
-

4.3S±O.lO l.92±O.29 

1 3.34±0.11 1. 65±0.33 

9.25±0.16 3.83±0.39 

23.49±0.04 3.33±0.50 

LPS II 

6.80±O.16 

6.71±O.45 

O.72±O.02 

O.49±0.06 

O.36±O.05 

2.52±O.69 

10. 37±1. 98 

LPS III 

O.65±O.40 

1. 97±1.07 

1.67±O.86 

0 

0 

O.34±O.09 
r 

1.05±O.43 

\. 
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of heptose and all the other monosaccharides that-were present in 
1 

whole ceU LPS. The predominant monosaccharide in the core-side 

chain oligosacch.~ide was 2-amino-2-deoxysalactose. There was only 

6% total ca~ohydrate-in LPS III and replicate analyses showed a 

'high degree of fluctuation in the monosacchari~e 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 ava1lable for analysis. 

~ 
The relationship amang LPS 1, II and III could be examined more 

-readily when the molar ratios of the carbohydrate c01llP0llents were 

calculated (Tableull). There was an exact 1 : 1 : 1 molar ratio of 
, , 1 

heptose, ga~acto8e, and 2-amino-2-deoxygalact;e in the core region , 

of the LPS. The tatio of the sugars in LPS III ia remarkably sim1-

lar to that of the core region and thus appears to represent an LPS 

11I01ecule in which the o-antigenic side ·cl!ain has not been attached.· 

The ratios o~ ~he sugars in LBS 1· and II are difficult to interpret. 

Assuming that the core region is baaically the same in L~S l and II, 
.., 

as tt ie in LPS lIt, and that there is a·l 1 ratio of core to 

side chain in each LPS form, ~hen, LPS l and Il must differ fram one 

another in the compos1t~on of the1r O-antigenic side chains. The 

side chain of LPS l would be expected to be composed of galactosé, 

galactosam1ne, unknown 1 and glucosamine while that of LPS Il would 

contain galactose, ga1aetosamine and glucose. Th~s conclusion was 

reached becadse the monosaccharides conta1ned in the side chain 

j 
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Molazt, mti08 o~ ~bohydl'ate components from ~he 'Lipopotysaccharide ft'actions and molecular 

.. 

" 
'1. 

= 

" 
-" 

/ 

. specieB 

Monosaccharide 

heptose 

unknown la 
, 

glucose 

galactose 

2-amino-2-
deoxyglucoae 

2-8IIino-2-
deoxygalaetoae 

-..... - ~ 

LPS 

1.00 

0.67 

1.73 

2.93 

2.53 

3.67 

.~ 

',,-

---:...-..,.~ 

LPSI LPS II 
-

1.00 1.00 

12.00 1.00 

-Z.OO 12.67 

17.00 12.33 

'18.00 4.00 

.' 

15.00 16.00 _ 

aCalculated as 2-am1no-2,6-d~aeoxyglucoae. 

~J, 

Harar ratio 
... ~::. 

LPS III core core-side chain 

--~-. 
1.00 ""-'·1--:,00 1.00 

-'-
~ 

0 0 -~""'- 5.40 
---- = - "'" 

0.50 0.15 7.80 -~,- --~ 

1.38 1.00 11.00 -

- 0.25 0.21 8.60 

0.63 0.97 21.80 

.. 
'" 

~ 

'" 

.... .... .... 

r ' 



() 

repeating untt8 would be in a much higher ratio when compared with 
, 

the sugars in the core structure. However, structural analysta of 

each of the LPS' fOTmS will be necessary to co~firm these conclusions. 
· i , 

In order to carry out structural analyses a more efficient method 

1 1 of preparative isolation of the LPS components 1a needed. To date 

no satisfactory method of isolation has beeu found. 

lt was difficult to establish the exi8ten~e of liJid A in each 

of the LPS species because not enough of each species could be obtained 

to enable 1ipid A to be ~so1ated and analyzed by,ga,-liquid chroma-
1 

tography. lt has a1ready been shown that the lipid A as well as the 

degraded polysaccharide fraction of the LPS incorp1rated radioactivity 

."hen the cells of the marine pseudomon-ad w~re \ 1abeled by grat.ting the 

cells in the presence of [l~ë]galactose. Consequently~the cells were 
, , . 
labeled, the LPS was extraeted, and the LPS species wer~ 1so1ated by 

procedures already described. The individual spec~es were then hydro-
" -

lyzed in 1% acetic aeid and the hydrolysates were lyophilized. The 

concentrated samples were sOlubilized, run on SD~-polyacrylamide gels 

in the 0.05 M Na2HP~4 - 0.05 M Na2MoO~ - 1% SDS buffer and the gels 

were fractionated and counted. Figure 31 shows the gel profiles ~f 

the hydrolyzed L~S species, lipid A and degraded polysaccharide. 

Lipid A was detected as the lower radiolabeled p~ak following electro-

phoresis of the lipid A precipitate from the mild acid hydrolysis of 
\ 1 

the LPS. There was considerable contamination of the l1pid A material 

with degraded polysaccharide which was easily identifiable as & char­
I 
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P~g. 31. Po1yacrylamide gel eleetrophoreaia as a method of detect-

ing, lipid A in the LPS speciés. 

Profile A, LPS 111; " B, LPS II; C, LPS 1; D, lipid 

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

tion represents 1 mm of, the gel. The insert in profile C 
" .. 

repreaents an expanded sca1e for the radioaetivity in 

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

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

significant proportion of the total radioactivity suggesting that 

a 1D8jor portion of LPS III 1& represented by lipid A. Lipppolysac-

• 
charide II (figure 31B) contained a trace of lipid A but conaiderably 

less than LPS III. From the dat·s it appears that LPS l has no lipid 

k or trace amounta relative to the amotmt of degraded polysaccharide 

(figure 3IC). Closer examination of, the graphs showed t~at t~tal 

COtmts were very low, espec1a1ly in the case of LPS III, which was 

due to the amaU amounta of matetial obtainable, the repeated series 

of step, involved in the isolation and preparation of the samples, 

and the use of r14C] galactose to label the LPS. Resulta previously 

discussed have shown that [14ç]galactose labels lipid A to only one 

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 specifie actlv1t1e's of the lipid A 

~ degraded polysacçharlde fractions.. Therefore, LPS I, II and III 

• contain consi~erably IIIOre lipid A than is actually dépicted in the 

radiolabeled profiles~ These experimente èstabl1shed t~at two of the 

three LPS apec1es contained st least some lipid A. They do not, how-

ever, discount the possibility that L~S 1 contains lipid A. 

By uaing a different approach it was indirectly demonstrated that 
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lipid A was present -=-in. LPS 1 as well as LPS II and Ill. Janda and 

Work '1971) have ~eported that 1i~d A a10ne cause~a spectral shift 
r / 

of theOabsorbance max~m of the rbocyanin dye simi~ar to ,that 

cau,sed by who1e LPS. Lipid A, core and ë,ore-side chain from the 

marine pseudomonad LPS were reacted with the dye and scanned from 
" 

600 to 400 nm. . Lipid A p;roduced a spectral shift from 510 to '458 • 

nm, however, the core and core-side chqin fractions did not; they 

absorbed maximally at the sue wave1ength as the carbocyanin dye, 

(figure 32). When LPS l, II. and lU werE! r.eacted with the dye they 

a11 demonst'rated a spectral shift which was identical to that obtained 
J 

with the lipid A (figure 33). 

Thus, the LPS species were shown to con'tain lipid A by sevèral 
\) 

o 
methods. (i) The lipid A was labeled direct1y. This method e~tab-

lished the presence of lipid A in LPS II and III on1y. (i!) Lipo-

polysaccharide l, II and III demonstrated a spectral shift by reac-

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

migrated into SDS-polyacrylamide gels. lt has a1ready been estab- ~ 

lished that\when 1ipid A is removed trom the LPS mo1ecule the degraded 

polysaccharide portion does not complete1y enter the gel. 

Propoaed atruct~res for the LPS speciea are shawn in figure 34. 
o • 

The differences in the relative amounts of lipid A in Jach ~f the 
\. ~ 

species ia ~8t probab1y a reflection of the increased amounts of poly-

saccharide in 'species l and II. The extensive side chain repeating 
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Pige 32. Carbocyanin dye 8cans of lipid A, core and core-side 

. chain fractions fram the marine pseudomonad LPS. 

Scan 1 represents 3';-0 mg l1pid A, scan 2 is 1.9 

'mg core-side chain, sean 3 la 1.1 mg core, and aean 4 

shows the dye reagent. 
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Fig., 33. Carbocyanin dye scan of LPS 1, II and 111. 

Scan 1,2.0 mg LPS 1; scan 2,1.2 mg LPSIII; 

scan 3, 1.7 mg LPS III and scan 4, dye reagent. 
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Fig. 34. Proposed çarbohydrate struc~ure of the marine pseu-
''il 

domonad LPS spec1es. 
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unit in LPS completely dominaJe~ the smaller lipid A-co~e 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. 

Se~ology 

In order to examine the serological cross-reactivlty of the 

three LPS species the Ouchter1ony double immunodiffusion technique 

was employed. A whole cell antiserum was obtained against the mar-

ine pseudomonad. The antigen that was used for injection was pre­

pared according to the procedure o~tlined in Materials and Methods. 
, 

Rabbits vere injected according to the schedule shown in Table 12 

and were bled on'the 2Sth day. The antiserum titer vas determined 
\ 

by hemagglutination using sheep erythrocytes coated vith whole cell 

LPS extracted fram the marine pseudomonad and the highest reciprocal 
\ 

titer obtained vas 512. This titer was too low for use in the double 
\ 

immunodiffusion studies so the ant~serum was concentrated by ~n-
1 

ium sulfate precipitation and adjusted to a concentration of 60 mg 

protein/ml physiological saline. The concentrated antiserum vas used 
r 

in aIl subsequent experiments. 
, 

The who1e cel1 rPS, LPS species t core 

and core-side chain were isolated as described earlier and vere sus-

pènded in physiologieal saline at a concentration of 1 mg/O.l ml. 

Figure 35A demonstrates that purified whole\cell LPS resulted in one 

precipi~in line under the conditions employed in th~s method. Lipo-
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T A BLE 12. 

Injeoticm 80heduZe for the inrnuniaaticm of rabbit~ in the pl'8para- ,1 

tion of a mari.n8 pseudomonad 7JhoZe ceZZ antiS8%"U11t 1 

------------------------------------------------------~( 
Time 

Week 1 

Week 2 

Week 3 

Wèek 4 

Amount injecteda,b 

, 
0.5 ml 

1.0 ml 

1.5111 

0.5 ml 

1.0 ml 

1.5111 

0.5 ml 

1.0 ml 

1.5 ml 

Rabbita were bled by cardiac 
puncture 

<" 

a ' Intravenous injections in t~e mar$in.l ear veine 

bAntigen concentration, 21 x 108 cella/ml complete salta. 
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Fig. 35. Serological cross-reactivity of tpS l, II and III a8 

determined by double immunodiffusion. 

, Slides A, B and C show the actual precipitin 

lines as recorded by dark field p~otography. Sllde D 

1a stained by the periodate-Schiff procedure. The 

wells containt Al' whole\cell antiserum; A, Nelson's 

whole cell antiserum; L, LP5; 1, L'51; 2, LPS ~l; 

3, LPS III; LA, lipld A; C, core and S, core-side 

chain. AU antigens were used at a cOlIcentration of 

l,mg/O.l ml saline. 
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p01rsaccharides l gnd II.~howed a h~logous cross reaction with the ' 

whole cell LPS, hut, LPS III did not give Any precipitin reaction 

with the antiserum. Eve~ when the LPS III antigen concentration was 

douhled no reaction was observed. Lipid A, core, and core-side 

chain fractions isolated from the whole cell LPS failed to exhibit 

a precipitin réaction (figure 35B). As a corre~ation with those 
c .. 

studies performed by Nelso~ and MacLeod (submitted for publicati~), 

, the whole cell antiserUm prepared by Nel~pn was also tested irt the 
! 

double immunodiffusion exper~~nts. The two ant1sera cross-reacted 
. ! ~~ !/" •. " 

Tf~,> ., 
when exposed to the marine pftèudomonad LPS (Ugure 35 C). The slide, 

1 ~ "h~"~" " .... fl
t 

was .stained by the per10date-Schiff procedure because a ~non-spe'C1,fic -.,.. 
4 

,. protein ring sta1ned around the weIl of antfserum Al' The agarose 

" medium also stains during the periodate-Schiff procedure, yielding 

a dark background, however, the precipitin lines are clearly visible 
• 0 

-- \ 

(figure 35 D). Nelson's antiserum also exhib~ted a homologous pr~~~-

pitin reaction among whole cell LPS, LPS l and LPS II (figure 36 A) 

with no precipitin l1nf!s observed with LPS III~ fipid A, 'cor~, or . 
core-side chain (f~8ure 36B). ApparentIy, the antiserum had a highe~ . ' 

antibody titer as evidenced b~ the stronger precipitin,reactions. 
\ 

When tnese same slides were sta~ned w~h Amido Black lOB, in each 
... 1 , 

case, the same precipitln patterns were obtained'(figure 36C and 36D). 

This information coup1éd with what ls known abqut the carbohydrate 
, -

composition of the LPS species, suggests that a complete LPS molecule 
\ 
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, Fig. 36. Correlation of the i1llllUD.ological reac:tions of LPS I, 

1 , 

II and III _Ith those obtained against Nelson's whole 
1 

ceU antiserum. 
1 

Slides A and B show the actual precipitin lines 

as recorded by dark fIeld photography. Siides C and 

D are the same slides after staining with Amido Black 

lOB. The well designatiODs are the aame as thoae) in 

• figure 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 ~-cote, but is lacking a side chain, also failed to react 

with the antiserum. Lipopolysaccharides l and II which appear to 

contain most of; if not their complete side chains, demonstrated 

the same serological reaction as whole cell LPS. lt would thus 

appear that it is the LPS species l and II which stimulate antibody 

formation when whole cells of this organism are injected into rabbits. 

Consequently, aIl of the LPS is not responsible for antigenicity 

since LPS III does not contribute to the overa11 reaction. 

Morrphology 

The gross morphology of whole ce11 LPS and the LPS species was 

compsred by elect~on' microscop~. The samples were dispersed in dis-

til1ed water by heating st 37 C for several minutes. In those samples , 
that were examined for the effects of SDS on LPS structure, samp1es 

were dispersed in a 1% CW/v} solution of SDS. The preparations were 

stained with 1% phosphotungstic acid containing 0.01% bovine serum 

albumin (pH 7.5). The whole cell LPS was in the form of ~he typical 

ribbon-like structures that are usually seen in negative stains of 

this macromolecule (Shands et al., 196~ and Hannecart-Pokorni et aZ., 

1973). In this prersration, 'however, the ribbons were contracted 

(figure 37A). In the presence of SDS the ribbons break down into 
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Fig. 37. Morphology of whole cé1~LPS and the LPS species as 

1 \ 

1 . 

/ 

dètermined by negative staining. 

All samples,were dispersed in distilled water 
• 

at 37, C. A, whole ceU LPS; B and C, whole celltLPS 

in 1% SDS (TI/v); D and E, LPS 1; F, LPS II and G, 

-LPS III. Bar· 0.1 um. 
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smaller vesicles, some with remnants of the ribbon-like structure 
/ 

remaining (figures 37B and 37C). The small amount of mate rial 

that was found in pre'parat ions of LPS l looked remarkably similar 

to the structures seen ~n SDS treated whole cell LPS (figure 37D 

and,37E). Lipopolysaccharide II shows small spherical structures 

at high magnification indicating complete disaggregation (figure 
\ 

371"). Figure \37G, which represents LPS III, contains Little, if 
\ 

anY,material ~d no conclusions can be deduced from ~his photographe 

Lipop~iysa'Ccharide samples that were stained in a 0.05 M Na2BP0a.-

0.05 M Na2MoO~ buffer (pH 7.0) exhibited greater structural integ-
,/ ' 

rit y (figure 38). The LPS ribbons appeared in both short and extremely 

long forma, some' having bulbular ends. In the presence of SDS, short, 

layered structures were prevalent which have not been reported by 

other workers (figure l8C). Lipopolysaccharide II preparations con-

tained very small spherical and rod-shaped structures. Lipopoly-

saccharides l and III, when negatively stained, did not show any dis-

cernable structures, thus, the electron micrographs were not shawn. 

-Overall, the negatively stained preparations of LPS buffe'red at pH 
\ 

7.0 showed~greater structural integrity than those which were not 

buffered. The SDS can be seen to dissociate the long ribbon-like 

aggregates and electrophoresis apparently separates the disaggregat~d 

components more completely. 
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Fig. 38. MOrphology of whole cell LPS buffered at pH '7.0. 

AlI aamples were dispersed in 0.05 M Na2HPO~ 

0.05 M Na2MoO~ at 37 C. A and B, whole cell 

LPS; C, whol~ cell LPS in 1% SDS (W/v) and D, LPS 

II. Bar .ir, 0.1 pm. 
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Mole~ùzr weight dete~nation 

An attempt was made to determ.1ne the approximate mo1ecular 
~ 

weights of LPS l, II and III by SDS-po1yacrylamide gel e1ectrophore-

sis. Several [1"C] de~tran s8JlDles of different molecular weight 

ranges were examined for mob:Llity in the buffer. The [1 4 C] dex": 

trans, tIloleèular weight range 15,000 to 17,000 and 60,doo to 90,000 

daltons, respe,ctively, were e1ectrophoresed in 0.05 M Na2HPQ4 - 0 •. 05 

M Na2MoO .. - 1% SDS for 5 h (figures 39A and 39C). During this elec­
,.., 

trophoresis t:l.me, wh:l.ch was equivalent to the length of t:Lme rou-

tinely use~ for LPS electrophoresis, on1y: 47% of the 15,000 to 17,000 

mo1ecu1ar weight dextran and 16% of the 60,000 to 90,000 molecular , 

weight samp1e entered the gel. When the e1ectrophoresis time was 

:Lncreased to 16 h, 52% cjf the 15,000 to 17,000 and 25% of the 60,000 

-
',to 90,000 mo1ecu1ar we:Lght dextrans were recovered (figures 39B and 

39D) • CQnsequently, de:tr:trans cannot be uséd as molecu1ar weight 

standards in polyàcrylamide gel electrophoresis becauae of their lack 
, 

of mobil:Lty. The fact that the dextrans wi.ll not m:l.grate supports 

the concept that l1pid :l.s necessary for SDS binding. 
1 

It was felt 
/' 

that the use of polypeptides as standards for LPS 'mo1ecu1àr weight 
,) , . , 

determinations ~ould be rather meaning1ess. } 
" 

/ 
( 

Dextrans could be useful carbohydrate molecular weight standards 

--l , 

-

for co1umn chromatography. The marine pseudomonad LPS was so1ubilized 

and appl~ed to a Sepharose 4B colu:mn (exclus:l.on l~t 5 )( 106 da1tons)-
• 

• 
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Fig. 39. Determination of the eleetrophoretie mobility of [i~C]' 

\ 

dextrans for their use as molecular weight standards 

in SDS-polyacryl~lde gel electrophoresis. 
\ 

( 
\ E1ectrophoresis vas perforaed in the-O.OSIM Na2HPO~ 

-' ) 0.05 M Na2Mo04 - 1% SDS huffer. Radioactive profile A~ 

15,000 to 17,000 mo1ecular weight dextran after elec- " 

trophoresis for 5 h at 5 mA/gel; profile B, same sample 

a~ter electro~hores18 for 16 h; profile Ct 60,0001to 

90,000 moleeular weight samp1e eleetrophoresed -for 5 h 

at 5 mA/gel and profile D, same sUple after electro- ù . ~ 

phoresis for 16 h. Rach fractiôn representa 1 mm of the 
y 

gel. 
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which was previously packed and equilibrated in the same 0.05 M 

Na2HP04 - 0.05 M Na2Ho04 - 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 precip'itates in the cold. Upward flaw elut~on was em­

ployed and t~e co~ effluent was as~yed by passage through a 
'. 

refractive index monitor (Pharmacia). The system was set up as in 

the schematic ~epresentation in figure 40. Two ml fractions were 

collected and those that corresponded to each peak were pooled and 

di,alyzed for 36 h at ro01l temperature to remove SDS. Dia1ysis 

removed only a limited amount of SDS therefore the remainder was 

eliminated by precipitation with BaC12' Follawing dialysis and con­

"" centration of the material eluted from the column, a saturated 

aqueous solution of HaCl~ was added. The BaS04 precipitate was,then 

removed by centrifugation. Pure LPS p{eparations did not precipi-

tate when saturatèd BaCl2 was added. The excess BaCl2 and NaCl was 

then removed by dialysis which was checked for completeness by th~ 

addition of a saturated solution of AgN03 to the dialysis fluide 

Formation of a white precipitate indicated the presence of AgCl. In 

this manner aIl of the SDS could be effectively removed. 

The Sepharose 4B column profil~ shown in figure 41 demonstrates' 

that the LPS separated into two peaks. When the material that was 

represented by these peaks was eleetrophoresed on SDS-polyacry1amide' 
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fig. 40. Diagram of the Sepharqse gel fiitration system for\ 

the chromatography, detection, and collection of 
~ 

the LPS species. 
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Fig. 4!. Ge! filtration of who le cell LPS on Sepharose 4B • 

. ' 
The column was packed and the samples were 

buffer. The material in peaks Band C was subjec-

ted to SDS-polyacrylamide gel e!ectrophoresis. 

In~ert: gel A, who'le cel! LPS control; gel B, 

mater1al from peak B and gel C, material fram peak 
\ 

C. The gels were stained by the periodate-Schiff 

procedure. The location of the void and included 
''1. 

volum~s ~re indicated by Vo and Vi' respective!y • 
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gels one peak was found ta be<LPS 1 and the second peak cODsisted of 

LPS II and III. When peak C. taken from the Sepharose 4B column was 

rechromatographèd on Sepharose 6B (exclusion limit 1 x 106 daltons) 

a single peak was again obtained whlch contained LPS II and III (fig-

ur~ 42). Varlous molecular weight range dextrans were chromatographed 

on Sepharose 4B and the V and K values we~e determined (Table 13). 
e av 

• 1 

The void volume (V ) and the ineluded volume (Vi) were measured by , a 

using blue dextran and sucrase. The molecular weight of the LPS 

~terial was determined from a semi-logarithmic plot of the K val­av 

ues and molecular weights of the dextran samples (figure 43). This 

method for elucidating the moleeular weights of LPS 1. II and III 
J 

was no more fruitful than the gel eleetrophoresis system sinee only 

LPS 1 separated from the other two speeies. Sepharose gel filtra-

tion also proved not ta be a use fuI technique for the ~reparative 

isolation of the LPS speeies. sinee oo1y a limited amount of LPS 

could be applled ta the eolumn, and, again LPS II and III could not 

139 

be separated. , -

LocaUaation 
\ 

The LPS species were localized in the cell wall layers of' the 

"marine pseudollOIlad with the use of the SDS-polyaerylamide gel system. 

The outer,cell wall layers of the marine pseudomonad were removed 

(see Materials and Methods), electrophoresed in the N82 BP04 - Na2Mo04, -

1% SDS buffer and sta:Lned for carbohydrate. These cell will layers 

l, ~:''''~:~''':;'~'''I.; '~'~",,::,:~:;" ~;:t;;/:i:~i:'~,~;:i:o: .. '. ":'~/.~:~' ~~e",~\i.,~;'..:, ',:' ffi(~,", .. ,1 "r') ,"n".~, '/ 
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Gel filtration of LPS on Sephatoae 6B.' 
, /' 

The., _teria! fram pe~k C of the Sepharose 4B 
\ 

colUBri (figure 12) was reehronatographed on a 
1 

l ,\ 
Sepharose 6B / column. The experi_tal conditions 

we~e'ideDt1ca1Jto those in figure 41. lnsert: gel 
\ 

D, material fr01ll peak D and gel E, whole ceU LPS 

control. 
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, 
Detemri.nation of Kav lIB' standaltds and Upopo1.ysaoohaztid1 on 

o Sepharose 4Ba 

Applied smple' 

, 
Dextransb 

2 )( 106 M.W. 

5 )( loS M.W. 

2.5 )( Id5'~M.W. 

, 4 )( 10" M. W. 

2 )( 10" M.W. 

1 x 10" M.W. 

LPS 1 
< 

. LPS II & III 

CC' 

70 

122 

144 
146 

158 

162 

140 

. 
Kav 

0.02 
0.54 . 

0.76 

0.78 

0.90 

0.94 

0.06 

0.72 

a Kav - Ve - ,Vo ~ where, Vo - 68 ml and Vt - 168 DÛ (See Hat­
Vi: - Vo 

, 
1 

ada1s and Methode for an exp1anat1oa). 

b Average ~lecu1ar w~1ghts. 
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Fig. 43" Molecular weight determination of the LPS species 

based on the Kav calculations fram Seph~o8e gel 
J 

filtration. 

The Kav values were taken fram Table 13 and 

, the molecular weights 

~ 
were averages. 0 

of ~he dextran preparations 
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were solubilized in ~he same SDS solubilizing solution as was the 

LPS and were not subjected to 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 ma terial on the external surface cif the outer! membrane. They 

have been pre~iously sho~ to ~ontain protefn, lipid, and carbohy­

drate (Forsberg et at.~ ,1970b). When compared to phenol~ater 

extract,ed LPS frODl whole cells the three cel! wall layers exhibited 

the same LPS species but the se species varied in concentration within 

each layer (figure 44). The moSt notable differences ~ccurred in 

the outer double-track and periplasmic layers in which LPS 1 and 

LPS I~I, resp~ctively, appear to be severely reduced. 

, 

The absorbance ma~imum of the colorimetrie product of the Schiff 

reagent was found to be 54~ nm (figure 45) and densitometry scans of 
1 

the gels cdntaining the wall layer samples were made as shown in fig-
" 

ure 46. The areas under the curves were calculated and"used to quan-

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 procedure and gavé~a third method 

--------... -------~- ----
for detecting the presence ~f~LPS:r,n the cel! wall layers. (The 

-~ 
other two methods were discussed in Results, Section 1.) The highl 

concentration of protein in the wall layers ~Phasized more drama- ~ 
1 

'tically the fact that LPS migration is unaffected by protein mobility. 
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Fig. 44. Loealizatlon of the LPS ~pecies in the cell wall layers 

isolated from the marine pseudomonad. 

The cell wall layers were electrophoresed in 0.05 M 
\1) 

Na2HP04 - 0.05 M Na2MoO~ - 1% SDS fot 4 h at 10 mA/gel. 

The gels were stained by the periodate-Schiff method. 

Gel A, 200 ~grLPS; gel B, 400 Pg loosely bound outer 

layer; gel Ct 400 ~g outer double-track and gel Dt 400 

pg perlplasm1c layer. 
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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 densitom~ry employing 7.5% acetic acid 

as the solvent. 
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Fig. 46. Densitometer traeings of the migration patterns of 

LPS and eell wall layeTs on SDS-polyàcrylamide"gels. 

Gels were stained by the periodate-Schiff pro~ 

cedure and were scanned at 540 nm. Scan A, 200 pg 
. , 

whole c'ell LPS; scan Bt 400 l1g loosely bound outer 

layer; scan C, 400 ~g outer double-track and Dt 400 

pg periplasmic layer. LPS l, I~, III and the I!ur­

face of the gel are represented by l, II. III and S, ~ 

respeetively. , 
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Quantitation of the ZipopoZysacchari,de species in whoZe cen LPS and 
the celt bJatt tayel'8 of the marine pseudomonad as measU1'ed b,y 1 

densi tome trty 

a LPS Peak area % LPS % LPS ~ of total -5amp1e .~ species (mm2) species " in each LPS 
layer in each layer 

Who1e cel! LPS 1 976 26.6 
II 2385 65.1 

III 30'*.5 8.3 
total 3665.5 

Loose1y bound 1 1222 21.5 
outer layer II 3800· 66.7 

III 675 11.9 
total 5697 77.7 45.6 , 

~J 1 

Outer doub1e- 1 195 9.4 
track II 1463 70.5 

III 418.5 20.2 
total 2076.5 28.3 16.6 

0 

Perip1asmic 1 2044.5 43.3 
layer II 2484 52.,6 

III 192.5 4.1 
~. total 4721 64.4 , 37.8 

~ipopo1YJ5accharide (200 '\Jg) and 400 J.lg of each of the cel! wall 
layera were applied to the gels. \ 

\;f; 
~- f' 
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In figure 44 the LPS in gel A contained·l% protein whereas the cel1 

wall layers contain 20 to 40% protein (Forsberg et al_. J 1970b), how­

ever, the Po.Sit!OOS of the LPS bands were una1tered~ 
-" J ~ • 

During the growth of,the mariné pseud~nad, materla1 was found 

in the medium. 

J 
-\ 

lt was eleçtrophdresed on SDS-polyacrylamide gels . " 
after release from [l~C] labeled 

,1, 

cells and contained three peaks 
1} 

species found ln cellular LPS (flg~ which were compared to the three 

ure 47). The materlal iso1ated '{rom the medium migrated to the same 

148 

• 

positions in the SDS-gels as did LPS 1. II and III anù no additional 

radiolabeled peaks wer\e' observed. On thls basls, the material whlch \j 

was released int'o the ceU medium appeared to represent ~excreted 
, . ..' 1 

cellular LPS. The medium materlal was found to be'present at ex-, 

, , tremely low levels and obtalnlng enough material for gel eleetrophore-

sis was dlfftcult. These results appeared to substantlate those of 
~ . 

NeIs'on ,and Macleod (submitted-jfor publication) in which the release, . , 
ôf LPS to the ~edium was demonstrated usini double immunodiffusion 

,teçhnlques. 
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phoresis profile of the material released-into the 
'\ 

medium when cella of the marl~e paeudomonad were 

grown in the presence of r1 4C]galactose. 

Eleetrophoresis time was 3 h at 10 mA/gel in 
~-

0.05 M Na2RP04 - 0.05 M Na2Mo04 - 1% SDS. One ~el 

friction corresponds to i mm of the gel. ... Gel pro-
l ' , 
file A, the material relea,ed into the medi~ and 

1· . 
B, whole cell LPS.' 
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S E C T l ON IV 

STUDIES INVOLVING THE BIOSYNThESIS OF THE LIPO~O~YSACCRARIDE SPECIES 

Order and rate lof ~i08ynthe8i8 
)0 1 

The ability to detect the LPS species by gél electrophoresis 

supplied an excellent assay system for the study of their biosynthe-
'\ of. • , 

sis. The pulse-1abeling technique used by Osborn and co-workers 

(1972a) vas adapted for use in these experfments. Cells of the marine 

pseudomonad were grown to early logarithmic phase and at an optical 

density approxi11lat~ly 0.40, 0.2 pCi/ml of [llfC]galact:osé ,(43 pCV 

pmole) were added. Aliquots (5 ml) vere removed at specifie time 
J 

intervals following the addition of the isotope and were pipetted 

directly into 5 ml of preheated 90% phenol to prevent the further 

incorporation of label. The extraction and purification of LPS was 

performed on each celi sample and the LPS was then electrophoresed 

on SDS-polyacrylamide gels in the Na2HPO .. - Na2MoO .. - 1% SDS buffer. 
/ 

150 

4 
• 

The gels were fractionated and counted and the profiles are illustrated 1 

in figure 48. In the first sample,f in whlch the cells were labeled 
1 a 

for 2 min, LPS l can be seen. There vas a very low molecular veight 

peak near the bottom of the gel, but, it ls not known vhat thls peak 

represents. After labeling the celrs for 5 min, LPS II vas evident 
1 . 

while LPS l continued to incorporate label and the lov molecular 

weight peak began to diminish. Durlng an additional 10 to 40 min of 

1 
labeling both LPS l'and II continued to incorporate label with no 
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Fig. 48. Pulse-1abeling of the marine pseudomonad LPS. 
1 

Ce11J' pulsed with'[14C]galaetose were 'phenol-

water extracted a~d the isolate~ 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 

when grown in nutrient broth-yeast extract complex medium, under 

the conditions used in these experiments, was approximately 60 min 

(figure 49). Therefore, the cella were allowed to grow for slightly 

less than one generation after firet exposure to the label. During 

the time that the cells were exposed to label they were in the logar-

ithmic phase of growth. In this situation LPS 1 and II were rapidly 

biosynthesized in exponential phase cells while LPS III was note The 

,e .experiment was repeated and. the cells, after inoculation !nto a 

medium containing [14C]galactose, were incubated until the culture 

reached early stationary phase of growth. Aliquots of the culture 

were removed after two, three and four ~enerations 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-
J 

tire growth cycle of the culture. At the end of the second generation, 

LPS II was incorporating the radio isotope at a faster rate than LPS 1 

(figure 50A). After three generations this rate change was confirmed 

and LPS III had still not appe~red (figure 50B). The final sample 

was removed after four generations and the results show that LPS III 
1 

was present in these cells (figure 50C). F.Lgure 51 demonstrates that 

1 
the cell samples that were collected after exposure to label for two, 

.' three and four generations were at early logarithmic, mid-logarithmic 

and late logarlthmic to stationary phases of growth, respectively. 

t 
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Fig. 49. 
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[ 

Logarithmiè plot of the growth of the marin~ pseUdO\, 

monad in nutrient broth-yeast extract complex medium. 
\ 

Optical density vas monitored vith"a/Bausch and 

Lomb Spectronie 20 spectrophotometer at 660,nm. 
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FIGURE 50. 
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~ig. 50. P~lse~label1ng o~ the marine paeudomonad LPS over 

the ent~re growtb cycle. 

The exper~ment was performed' as ~n figure 49. 

S~s were electrophoresed after A~ 2 genera- . 

tions; 1 
B~ ~ generat~OQs; and C, 4 generations of 

label1og. 
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FIGURE 51. 
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Fig. ,51. 
" \ 0 

Correlation between the appearant;e of r1ltC]radiolabeled· 

LPS spec~es and groWth phase of the~u1ture. , .. 
The,inserts represent the gel profiles fro. tHe 

. \ experiment ln figure 50 . 
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r . , 
Pulse-chase label~ng experiments were attempted on a number of ~ 

, ' 

occasions to determine whet~er one or mor~ of the tps ~pecies were 
, , 

b~osynthet~c precursors. In thisOtype of exper~ment th~ cells'were 

grown in the presence of [14C]galactose until LPS l was labe1ed 

- then cold galactose was added to the medium to reduce the specifie 

act~vity. Incubation of the cells was continued and aliquots were 

, taken at various.times. The LPS species were then separ~ted by gel 

electrophores~s to detect any transfer of label from LPS l to lipo-
~ J 

polysaccharides II and III. Complicàtions ~n the technical aspects 
< 

of othe exper!ment resu1ted in repeated fai1ures. An adequate method 
~ 

,of preventing tHe continued incorporation of the radioisotope from 

the cel1 medium into the LPS~ during the chase part of the experi-; 

ment, was not found. t~en iSQtope incorporation was stopped in s~ 

• experiments 'no transfer of label from one LPS species to anoth~r was 

observed. Addition~ exp~riments on the effect of metabolic inhibi-

• 

tors on the marine pseudomonad are necessary before this type of 

exper~meDt' can be perfo~~ satlsfactorily. 

o 

Biosynthesis in muPeinoplasts and protoplasts 

DeVoe et al. (1970) demonstrated that the mureinoplasts and pro-
c 

toplasts that can be formed from ~qe marine pseudo~nad were stabl~in 

a salts mixture, containing 0.3 M NaCI. 0.05 M MgCl2 and 0.01 M KCl, 

for up to 40 min and 90 min, respectlvely. This afforded a method 
~ 

for the study of LPS biosynthesis in a system in which t~e outer cel1 

, 



" 

.. 

.. 
wall layers ~ave been removed. The usefulness .. t~is type of ex­

périment, in which wall~b~ enzymes and LPS are absen~will be 

explaine~ later (see Discussion). The protocol for these experi­,. 
~ 

ments is shawn in figure 52. The bacterial culture was oiviaed i~ , , 
haif so that the bioaynthesis of LPS by whole cells could be used 

as a direct comparative control. Mure1noplasts or protoplasts 

lfere formed from the remaining half of the original culture accord­

tng t~ the procedure of DeVoe and co~workeps -(1970) which employed 

full wash volumes of 0.5 M NaCI and 0.5 M sucrose. AlI experimental 
, • procedures were carefully controlled. Preparations were checked 

for the presence of whole cells of the marine pseudomonad that 

remained during the formation of the mureinoplasts and protoplasts. 

Viable counts were made on nutrient broth-yeast extract complex 
j; ...1 

medium as a measure of wijole cell c9ntarndnation. Plate counts were , 
.(l, J 

1 
also made on nut~ient agar to insu~e that asepti~ conditions were 

maintained • The stability of the mureinoplasts and protoplasts was .... ~/' , . 
monitored by following the opticat density of the preparation during 

the 40 or 90 min incubation periode The preparations were also 

'examdned by phase microscopy to be sure that the mureinoplasts did 

not pr.ematurely lyse OT fo'rm aptteLes. When mureinoplasts were used. 

their formation was checked by the occurrence of protoplasting upon 

--'" the addition of lysozyme. Any LPS that was biosynthesized during , 
1 

the experiment was isolated from the control cells and mureinoplas~s 
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Fig. 52. Expe~~mental des~~ for 'tbe study ~nvolving the b1o-
c 

synth~sls of LPS by "re1noP18sts and protoplasts.' 
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or protoplasts by extraction with phenol-water and was removed from 

the media by centrifugation at 143,000 ~ g in the presence of'Mg2+. 

The experime~t was deBigne~ so that the LPS and any other'cellular 

products were collected during the period of logarithmic growth of the 
1 

cells. If labeling studies were performed then 0.21 ~Cl/m1 [l~tJ-

galactose (43 pCi/pmole) were introduced at the' beginning of the 40 

or 90 min incubation period. Table 15 demonstrates the stability 
'1, . 

of the murelnoplasts under the experimental conditions that were, . 
employed. Mureinoplasts were stable for a minimum of 40 min and 

oc'casionally as long as 55 min before lysis began. Sometlmes the 

mureinoplasts wou~d lyse prematurely, but these experiments were 

discarded. ' Once the mureinoplastB started to lyse, after 40 min of 
. 

incubation, optical density readings could not be taken due to the 

appearance of white, stringy cell debris. Whole cells of the marine 

pseudomonad that remained in the preparation were routlnely 0.1% or 

less of the popùlation and, on occasion, the y reached a lev~ of,up 

ta 0.3%. Laboratory contamination of the mureinoplsst preparation 
,1' 

A 

never occurred. ,AlI centrifuge tUDes, salts solutions and glassware 

were autoclaved and 0.5 M 'ucrose solutions were filter sterilized. 

The mureinoplasts were resuspended in the nutrient,broth-yeast 

extract medium to supply an energy source and to maintain favorablé 

conditions for metabolism. Therefore, the salte concentration of 
, 

the medium had to be increased from 0.22 M NaCl and 0.026 M MgCl2 to 
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T A BLE \ 15. 

, 

St;abiZity of mureinopZasts dUJ"Î,ng incubation in a complete salts 
'. soZutiona ; 'f: 

Incubation 
time (min) 

\ 

0 

10 

20 

30 

35 

40 
. 45 

50 
1 • 

~ 
55 

60 

(:)ptical density 
(660 nm) 

\J 
0.85 ~f 

0.80 

0.80 

0.80 

0.80 

0.80 

0.80 

0.80 
• 
0.77 

b --

'. 

o' 

Phase contrast microacopy 

rads; phase dark 

rads; phase dark 

rads; phase dark 

rads and celi debrfs; addition 
of 150 llg/ml lysozyme yieldèd 
spheres ~ 

rads swell an.ti spherical,.ize, 
without the addition of lyso­
zyme; cell debris 

• ~e complete salts solu~1on contains 0.3 M NaCl, 0.05 M MgC12 

ànd 0.01 H KCl. "-

bAs mureinoplasts lyse, white stringy matetiai collecta and ren-

der~ optical dens! ty readings impos~ible '. 

.. ',\<.J.· •. :~J_,~:'ji~~~~::~;1..~';;~~'~W',l~i\P;i'~~~~~ 
, 1 ~ -

;<.~.~it~!i~~~;:;;~~;;I1',,~at~~;; ','.,i,'JI{ ~.' ',. 
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0.3 M NaCl ana-a.os ~ MgC12 to insure the stability of the murelno-

plasts. There was qo difference in the growth curves of the marine 

pseudomonad When these salts mtxtures were compared (figure 53). 

The fi~8t eXperiments to be performed employed radioactive iso~ 
\ , 

topes in order to examine whether the mureinoplasts actually incor-
..... ~, 

porat~d label and biosynthèsized cellular products. The mate rial 

that was extracted from the mureinoplasts and whole cells and from 

their corresponding media were electrophoresed on 5f SDS-polyacry~a-
, 

mide çels f~,~re 54), Practically no LPS could be extracted from 

the niur~inoplasts', hoWever, significant amountà of radiolabeled pro-

dticts were found in the mur~inoplast medium.' These products were 

spread throughout the gel with the majority of the mate rial remaining 

indication that the- mater:lal was ~f 
, 

in the top half of the gel; an 
t 

a large molecular size. 
\0 

The material iaolated from the mureinoplast 
, . 

medium could not be correlated with t~e control cell LPS ot material 

from ~he control cell medium, based solely on the radiolabeled , 

profiles, b~cause the material spread throughout the gel. 

Protoplasts'were also e amined fdr their ability'to biosynthe-' 
~ 

size the ~PS species in eXperi ta conduqted in the same ~ner as 
l , 

with mureinoplasts. Thè protopl sts did not contain any bound LPS 
" ' .. 

but the medium contained radiolab ed material which had an electro-

phqretic mobility similar to that exhibited by the materi~l from, " 
. -

the mureinoplast medium (figure 55). 
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53. Comparison of t~e growth of 'the ~rine pseudomonad in 

medium c()1\taining, the increased salts concentrations 

necessary for the staQi11.~y of murinoplasts and prô-

):

OtoPlasts "{i th growth in the presence of sslts at taheir 

, li' . 
rmal concentration. '.', 

'" 

• 
'Growth curve A waB' detetmined in nutrient broth­

yedst extract complex medium containing the nb~i 0 

,concentrations of NaCI (0.22 M) and MgCl2 (0.'026 M).~ 

,Growth curve B 'was ,determined in the saiDe med1.um in 

which t:he~ntration's bf NaCl' ~d M~~12 were lin-
o • 

. creased to O_~~ M· and 0.05 M, respéctively. The Clll":' ~ " 
! # 

tures were maintain~d st 2S C and '~~ptical density 
. ~it 8 

r'eadings vere mad~ with a Baus'ch & Lamb Spe~trsnic 20 
.' 

8pe~trophotqmeter ht 660 Dm. ,The' .growth curve for . .... 
each salts concentration- was determlned on duplicate 

Il.,. 

cultures. . , 
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Pig. 54. Incorporation of {}~C]radiolabel irtto eel1uiar products 

, , 

during incubation of murelnoplasts in nutri~nt brotb-

yeast extraet cqK!lp!ex medium:..' 

Polyaerylamide gel electrophoresis and fractiona­

tion of the radio!abelèf gels were performed as la 
, 

p~evious experiments.' Electrophoreais ttme was 3 h at 

. 10 mA/gel. Profile A,' LPS extracted by phenol-w •. te~ 

f1'01ll'1IUreinoplaets; profile nt 1IIB.terial recovered 

from mediUII after re1lOval of mure1noplasts; profile G, 
~ 

asterlal reeovered ftom medium after remava! of control 

cells; and profile D, phenol-water extraeted LPS fra. 

control cella. 
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Pig.' 55. 
\ ' 

Incorporation of [l~C]radiolabe~ into cellular 

1 • 

products during incubation of protoplast8 ln nu-, , 
',," . 

trient broth-yeast extract complex me~ium. 

AlI experimental cODdi~ions were the same as 

/ 

those in figure 53. 
- ~ 

Profile A ls LPS'extract~d 

by phenol-water from protoplasts and profile B la 

material recovered from the medium after removal 
'\ 

of protoplasts. 
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The products that were isolated from the mureinoplast and proto-

pIast media were not'subjected to !~henol-water extractions because 

the amounts isolated were very low. It was expected'that their; 
i> 

radiolabeled gel profiles would be similar to the si~le profile 

obtained with the material isolated from whole cell medium, and 
\ 

there was a possibility that these materialslwould be cell wall 

complexes composed of protein, lipid and LPS. \) Any type of cokplex 

wo~ld have been completely disrupted by extraction with phenol~ater. 
( 

Efforts were made to assay the materials from the mureinoplast and , . ( 

protoplast media in order to characterize thea,chemically rather than 

by SDS-poly~crylamide gel electrophoresis. Unfortunately, the nu-

trient broth-yeast extract contained a CarbO~Ydra~'fraètion which 

pelleted at 143,000 x g along with the la~eled material. This inter-

fered with any attempts at chemical characterization. Even though 

the contaminating carbohydrate would not be labeled lt,ia not known 

if it could be separated from the" mure1noplast and protoplast products. 

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 in these experiments. The marine pseudomonad grew 

weIl in the trypticase-salts medium which had been corrected to con­

tain the concentrations of Na+ and Mg2+ necessary for the maintenance 

of mureinoplast stability (fi8u~e 56). 
\ 

A slightly longer generation , 
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Fig. 56. 
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, . 
Growth of the marine pseudomonad in the trypticase-

salts complex medium •. .. 
Growth curves were ~ètermined on duplicate 

cultures and optical density was monitored with a 
\ 

Bausch & Lomb Spectronic 20 spectrophotometer at 
\ 

660 nm. 
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tille was obaerved in this mediUlll. lt has "ta be fully established 

that a11 of the controls operate properly and that lIIureinoplasts and 

.' .. 
protoplasts can ))e formed from cells grown in this medium. Although 

\ 

a gt'eat deal of work remains to be perfOE'lled in order 'to complete 
, "1 

this study, the initial experiments demonst'rate the feasibility of 

using true mureinoplasts and protop1a'sts for Gram-negative cell wall , 

biosynthetic studies and show that these cell fo1'llls biosyntbesize 
. 

macromolecular coaponents. 
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DISCUSSION 

_ li 

o 
The question of ~he 'h.t.rO~.ityj baeterial' l1POP01(.aeehar-. 

1. 

ides has become a fundamental aspect Qf LPS research as a result of 

\ the recent concentrated emphasis on the s,tructure, function, biosyn'" 
, 

thesis and bioiogical activity of this unusual macromolecule. In the­
\ 

study of whole cell lipopolysaceharides, if heterogeneity exist"ec1 and 

was not considered, then the data on coapositiop could only be Cinter-. \ 

, ' 
preted as representing ave'rage values for a mixture of l1popolysac-

eha:ride's.1 The ~e~idenee presented' in th,1s study deaonstrated th~ the 

marine pseudomonad LPS (1) is a cOlllPlex heterogeneous aggregate which 

is composed of three distinct LPS species, (11) ls qualitatively the 
o 

D 

same when extracted fram batch culture and fementer grown ce~ls. and 

(iU) has a carbohydrate composition which is lIim11ar to the 'composition 
l ,0 

of lipopolysaccharides 1so1ated from -other Pseudomonas species. 

O'Leary et al. (1972), using LPS extracted from batch cultures 
0. i' JJ 

of the marine pseudomonad, reported ,ita cheudcal composition. In the 

present study large 8Jlounts of LPS were needed for the isolation and 
, ' 

characterization of the LPS spec1es and therefore extractiQns vere 
l ,~ 

perfomed on fermenter grown r.ce11s, For this reason the chemlcal cam-
1 • 0 

o 

position of the whole cell LPS was re-examined. Gas-liquid c:htomato-
• J • 0 ~ "h 

graphy dehstrated that the lipopolysaccharides extraeted froll the 
. 

cells grown in a fermenter or batc:h culture vere qualitatively siailar 
, 

rith minor quantitative differences saong se_veral monosaccharides. 

o "\ ' 
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The sensitivity and resolution of the gas-liquid chromatographie method 

allowed for the quantitation of some of the mi~or sugar components 

that were tentatively identified by O'Leary et al. (1972). The simi-

1arity between thé lipopolvsaccharides iso1ated from cells grown under 

two different conditions justified the use of fermenter cultures for 

extractions. 

Several of the apparently unusual eharacteristics of the marine 

pseudomonad LPS were also noted in other batterial 1ipopo1ysaccharides. 

For example, the rare s~ga~, 2-amino-2,6-dideoxyglucose was reported 

in 'Pseudomonas stutse~i and P. syncyanea, as weIl as in three strains , 

) 

169 

of P. ael"Uginosa (WUkinson et al., 1973 4d Hilkinson and GAlbraith, ---. 
·1975). This rare dideoxy hexosamine was found not on1y in Pseudomonas 

species but was also reported in ~teu8 vulgaPis, Salmonella groups S 

and 58 and Arizona 1.33 (LUderitz et al., 1968); an Ach~mobacte~ spec-

ies (Smith, 1964) and Vibrio chole~ae strains Inaha and Ogawa (Jann -and co-workers, 1973). An extreme1y low concentration, 1ess than 0.1%, 

of 2-keto-3-deoxyoctulosonic acid (KDO) was found in the marine pseudo-

mon ad LPS in the present study and in two strains of P. PUbescens as 

shown by Wilkinson and co-workèrs (1973). The complete absence of RDO 

was reported in another ma~ine bacterium .(Mongi1lo et ~Z:, 1974). In 
~ . -

the marine pseudomonad LPS, which was examined in the present study, 

the remainder of the carbohvdrate components were common hexoses and 

hexosamines with only a single unidentified sugar which was present in 

. . 

, . 
" 



o 
A 

1 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 marin~ pseudomonad, cells forming rough 

colonies contain LPS. apparently possessing an o-antigènic side chain. 

In the Enterobacteriaceae cells which fOTm colonies having a rough 

appearance contain LPS which 1acks an o-antigenic side chain ~ile 
" 

those cella Jhat form smooth colonies contain 

ia a1so a s~eous mutation from smooth to 

completed LPS. There 

rough colony types in 
1 

the Enterobacteriaceae (LUderitz et aZ., 1966). ltowever, iri the mar-

ine pseudomonad the rough variant 3 mutates to the smoo~h variant l 

(Gow et al., 1973). Sodium dodecyl sulfate (SDS)~polyacryl~de 'gel 

profiles of LPS isolated fram both variants 1 and 3 were identica1-

sugsesting that even though there is a transition in colony appearance 

the LPS remains the aame atructural1y. Therefore, it shou1d be noted 
~1 

that the relationship between colony morphology and the presence or 

absence of an O-antigen does n~t hold trye for aIl Gr~egative 

bacterià. 

Lipopolysaccharide heterogeneity was assayed by the tec~ique of 

SDS-polyacrylamide gel electrophoresis. ",-" "-Previous invè8tigators observed 

that LPS could be electrophoresed on SDS-po1yacry1aaide gels but they 

were concerned with the examination of cell enve10pe complexes rather 

than with the neterogeneity of purlfied LPS (Rothfield and Pearlman-

Kothencz, 1969 and Osborn et al., 1972b). Zollinger and co-workers 
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c 
(1972) e1ectrophoresed purified N. meningitidis LPS and fai1ed to 

observe Any heterogeneity. This was due to the fact that many Neis­

H seria1 'lipopolysaccharides do not contain O-antigenic side chains 

and consequent1y yield single catbohydrate po1ymers upon gel elect~o­
\ 

phoresis as was demonstrated in this study and by Johnson et aZ. 
1 

(1975). The SDS-polyacry1amide gé1 e1ectrophoresis system appèared 

to be a superlor method for the detection of LPS aggregate compone9ts 

and aff~rded the sensitivity, reso1ution and specificity that other, 

mefRods, such as gel filtration, 1acked. Two methods, periodate­

Schiff staining and [l~C]radiolabeiing, were used to locate the LPS, 
1 

components in the ~els in order to eliminate the p08sibiltty that one 

method might not detect al1 of the sample. The major concern was that 

the radioisotope was not di~perse~ throughout a major portion of the 

LPS. Results obtained by descending paper chromatography experiments 

demonstrated that the degraded polysaccharide portion of the LPS was 

extensive1y labe1ed when cel1s were grown in the presence of [l~C]gal-

actose. Three 1abeled carbohydrate po1ymers ~re obtained upon gel 
1 

e1ectrophoresis and they exhibited co-migration with the stained LPS 

components. Apparent1y there was no selective staining or specifie 

labe1ing of any,Çf the LPS aggregate components, an important point 

to establish because 1abeled LPS was used exc1usive1y in the pu1se- ,­

'labeling experiments. An additiona1 advantage of determining the 

extent of the radiolabeling in the LPS was the finding th~t the 
/ 
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l, 

o 

2-amino-2-deoxyglucose in the 1ipid A incorporated the radioisotop~, 

thus permitting the localization of this portion of the LPS ~olecule 

alone on SDS-gels. 

'1 
tipopolysaccharide heterogeneity, as determined,by·SDS-polyacry-

. 
1amide gel electrophoresis, was not limited to the marine pseudomonad 

,but was also apparent in E8oheri~hia ooti Olll:B4 and Sabnonetta ty-

'phi~um LT2. These two bacteria were employed extensively in tPS 

and Gram-negative cel1 wall studles (see reviev by Osborn, 1969). The 

finding that E.~aoti ànd S. typhimurium lipopolysaccharides were 

heterogeneous ~mphasized that LPS heterogeneity was a prevalent pheno­

, menon that should not be ignored ln the study of the Gram-negative 
1 

cell envelope. 

1 ~ ~ 
A close examination of the electrophoresis buffer established 

which factors contributed to the electrophoretic mobility of the,carbo-

hydrate polymers and what intrinsic differences ~esulted in their sep-
" -l , 

aratlon •. The experimental evidenc~ ~ugge~ted that an SDS-lipid A 

interaction vas respOnsible for LPs migration vith secondary effects 

due to the action of molybdate. These findings were supported by the 
\ 

fact that (i) almost complete migration vas ac~ieved in an electro­

phoresis buffer containing SDS but not molybdate; (11) no ordered 

m~tion pattern was obtained,when Triton X-100 rep1aced SDS in the 

e1ectrophoresis buffer; -(iii) p~ified 11pld A eXhiblte~ mobility in 

the SDS electrophoresis buffer vhereas only 65% of the degraded 

tJ 

172 

," 



o 

polysaccharide entered the gel remaining instead near the gel surface 

and (iv) d~tran polymers had a migration,pattern similar to degraded 

polysaccharide. Th~'premise that an SnS-lipid A complex co~tributed 

to the electrophoretic mobility of LPS was also proposed by Jann et 
. 

a~(~~75), however, the report did n01: supp1y any convincing evidence 
.. - '. ~f . . 

to support the proposition. 

The carbohydrste composition of each of the LPS components,isola-

ted by SDS-polyacrylamide ~el electrophoresis were determined by gas-

1iquid chromatography. The monosaccharide cgmposition of ~rs III wa~ 
remarkably'similar to that of the core reg~on of the LPS molecule·in 

that the sugars heptose, galactose and 2-amino-2-deoxyga1actose were 

presént in a 1:1:1 mo1ar ratio. This wou1d make the simp1est core 

structure a trisaccharide. Lipopolysaccparide II contained aIl of the 

~ core sugars, however, glucose, galactose and 2-amino-2-deoxygalactose 

were in much greater concentrations than the oth~r monosaccharides 
1 
! 
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which suggested that this speciés had a side chain composed of a repeat-

ing trisaccharide unit consisting of these monosaccharide's. Sim+lar1y, 
, 

'LPS l contained 2-amino-2,6-dideoxyglucose, 2-amlno-2-deoxyg~ucose, 

2-amino-2-deoxygalactose and galactose in high proportions suggesting 

a tetrasaccharide repeating unit. In a~dition it was concluded from 

the molar ratio&li that LPS l and II contained core regions and that these 

had the same composition as the core region in LPS III. Rowever, the 

core regions in the three speciJs may not necessarily have the same 

. 
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structure sinc~ it has been shown that heterogeneous core oligosac-

charides exist in a rough strain of E. a~Zi (Fuller et aZ., 1973). 

These core o11gosaccharides differed from one another in both the 

number and type of monosaccharides that were present in each. The 

possibil1ty that the LPS species, isolated from the marine pseudomonad, 

cQntained d1fferen~ core structures could explain why in LPS 1 the 

sugars 2-amino-2,6-dideoxyglucose, 2-amino-2-deoxyglucose, 2-amino-2-
\ 

deoxygalactose and galactose had a molar ratio of 12:18:15:17 and in 

LPS II, glucose, galactose 3nd 2-amino-2-deoxygalactose had a molar 
1 

ratio of 13:12:16 (see Table Il). If, as was proposed, the tetra-

saccharide and trisaccharide represent the side chains in LPS 1 and 

II, respective1y,then the y should each contain sugars in an equal 
~ 

CI:l!,l:l) molar rat1o~ The extra monosaccharides cou1d be part of 

the core region in eac~ species. The actua! number of repeating side 

• chain units ln LPS 1 and II ls not known but would appear to be at 

least Il or 12 in both species. 

An important question in establishing the relationshi~between 
\ 

the LPS species waB whether or not they aIl contained 1ipid A. The 

presence of lipid A in each species was establ1shed uaing the SDS-

po1yacrylamide gel technique, in the case of LPS 1 and tr, and the 

carbocyanin dye procedure for aIl three. The demonstratinn of the 

presence of lipid A as weIl as heptose in LPS 1 and Il complimented 

the data that was obtained by gas-liquid chromatography and showed 
, , 
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1 , 
that~these compounds were complete LPS molecules and dld not reptesent 

free side ch~in ol1gosaccharides. The term "complete" refers ta, an 

.. LPS Molecule that i8 composed of 1'1pid A, core and si de chain. The 

; l '" 

difference in tge relative ~ount of lipid A that was detectable in 

these two LPS species vas probably a ref1ection of the greater amourtts 

of side 'chain oligosaccharide in LPS 1 and Il. The existence of 

~evera1 different types of complete ~PS in the same bacteria! strain 

'has not been reported in the literature. lt was reported that a 

strain of Ae~oba~te~ ae~ogene8 contains two forms of LPS, one of 0 

,f 
Which consists of lipid A, carè and side chain and the "other cantains 

,1 ,.. '. 

onlv llpid A and cor~ (Koelt~ow and Conrad, 1971). In other studies, 
" , , 1 

it was suggested that se!,eral different side chain~containing lipo-

. polysaccharides, when present in the same ce11 represent varlous 

degrees of polymerlzation ~f the LPS Molecule (Jann et aZ., 1975). 

In the above investigation, which used a Citroba~ter strain as a model, 

lt was assumed that the LPS bands visua1ized on SDS-po1yacry1am~de 

gels were identical to the earbohydrate peaks obtained on Sephadex 

G-SO columns. Carbohydrate analysis was performed only on the mater-

ial collected from the Sephadex column. In one, case, the LPS vas 
;' 

electrophoresed without prior treatment while'the ~el filtration 

etudies 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 n~ber. In the present study the marine pseudo-

r 
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monad who le cell LPS was not 8ùbjected to a hydrolysi~ or any hars~ 

• /J chemical treatments prior to the separation of its aggregated compon-

ents. Subsequently, chemical analy§es were performed directly on 
\ 

<> 

the,material that was separated on the SnS-polyacrylamide gels. 

1 
lt was hoped that the double immunodiffusion experiments would 

• 
, demonstrate LPS ~eterogeneity in the marine pseudomonad,' however, the 

results were not what was expected and they did not add information 
, 

regarding the chemical differences between the LPS species. Lip~poly-
1 

saccharides t and II exhibited a homologous cross reaction even 
, t 

though their anti8~nic side chains appear to be somewhat different. 

Both species however, contained 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 eould be responsible for the identical serologieal responses 
1 

and block the reaction of the remaining side chain sugars. O-antigen 

structural groups which are similar can be responsible for cross-
-

reactivity ~nd yet ~ be only a part of the whole antigen structure 

(LUderitz et aZ., 1966). Therefore, even though the side chains differ 

in one or two monosaccharides, they could be10ng to the seme sero-
1 

group. There was no precipitin reaction hetween LPS III and the whole 

cell antiserum which can be exp1ained by the possibility that in whole 
'", - -

cells the extensive O-antigens ôn LPS 1 and II obscure the LPS III 

core and prevent it from being available during the formation of 
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..,' 
antibody, as l~ as the cell enve~pe ls not degraded. The o-anti­

\ 

gen,s probably extend to the cell surface ,«hile the LPS core does not. 

E8che~chia coti and SaZmonetta typhûnurium lipopolysaccharides whièb . 
are composed of only lipid A and core are known antlge~g (LUderitz 

et aZ:" 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

monade The lsolated lipid A, core and core-siae chain fractions of 

~ ; 
the LPS molecule did not react wtth the whole cell antiserum. The . , \ 

core-side ch~in frac~ion would be expected to give a positive reac-

tion vith whole cell antiserum because it contains the Q-antigenic .. 
si de chains found in LPS l and II. Since the cpre-side chain W8S 

isolated by subjec~fng the whole cell LPS to a m1ld acid hydroly~is 

it is conceivable that th~d' fraction could haV: been partially degraded 
~ 1 

and', ,consequently not he recognized br the antibodY. , , ' 

Identiçal serolegical reactions were obtained vith i:wo different 

antisera which were prepared at two different times, the results of 
\ 

which supply strong verification of the data in the face of the notor-

ious variability tha~ is known to occur in immunological systems. 

,Previously, two precipitin lines were obtained when the marine pseudo­

monad LPS'and a whole cell antiserum were reacted during double immuno-

diffusion experiments (Nel~on and MacLeod, submitted for publication). 
, ... ~ i/ 1 

When Nelson' B antiserum wàs reacted agai:Dst / the whole cell LPS,' iso­

lated and purified in this study, a single precipitin 1ine was observed. 

If, ;~ 
.~ '......, ~ 1 • 
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Apparently, there was an additional componènt in Nelson's LPS prepara-
, 

tion which reacted with the antiserum. This component did not corré~ 

spond to any of the LPS species detected in this study. 

Attempt8 to differentiate the LPS species morphologically were 

not Buccessfu1, but evidence was present~d which established that the 

marine pseudomonad LPS (i) formed typica1 ribbon-1ike structures ln 

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 Na2HPO~ - Na2MoO~ buffer) or 

vesicles (in disti11ed wa~r), and (iii) wks more stable in a neutral 

pH env~ronment. The morphology of the whole/cel1 LPS was ~imi1ar to 
) 

that of S. typhimurium LPS as reported by Shands and co-workers (1967). 
'\ 

lt was difficult to detect the trilaminar appearance in the ribbon-like 

forma of the marine pseudomonad 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-buffered, ion-free environment has not 

been observed elsewhere. In a buffer at a neutral pH, SDS appeared 

" to completely dissociate the LPS yet produced only partial disruption\ 

when the LPS was present·in distilled water. The trilaminar struc-

tures were apparent in buffered SDS preparations with reaggregation 

occurring, in sorne instances, in the fOTm of stacked sheets (figure 
. 

38C). The results wou1d indicate that this reaggregation phenomen~ 

1.' 

) 

---~._._-- -----
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vas probably caused by a combination of effects due to pH and the 

presence of free molybdate anions vhich interact vith the SDS-LPS com-
1 

\ 
plexes. The morphology of isolated LPS l appeared to be very similar 1 

~ ! 
to that of whole cell LPS in an aqueous solution of SDS, b~t little 

,information was obtainable from the negatively stained preparations. 

Lipopolysaccharide Ir sUlned as small- rods and doughnu,t-shaped forms 

h • • ( ,'" which looked_Iike the SDS dissociated LPS from S. typ ~~um Hanne-

cart-Pokorni et aZ.~ 1973). A good negative stained preparation of 

LPS 111 was not obtained. lt appeared, upon an examination of the 

negative stains,that LPS treated with buffered sns vas further disso-

ciated during electrophores~s. The stacked sheet structures that were 

observed in the electron micrograph of whole ce Il LPS treated with 

buffered SDS were not present in the LPS Il preparation which was 
l, 

separated and isolated by SDS-polyacrylamide gel electrophoresis. 

Instead, rod-shaped and doughnut-shaped forms vere found in the nega-

tively stained sample o~ LPS II. These forms were conslderably smaller 

than the st~cked sheet structures. 

Forsbérg et aZ. (1970a) established that the cel1 envelope of 

the marine pseudomonad could be separated into layers which represented 

the periplasmic reglon, the outer tripartite membrane and a material 
1 

exterior to the outer tripartite layer. This ability to iso1ate the ~ 

outer cell wall 1ayers made it possible to de termine the distribution 

of LPS in the various 1ayers of the Gram-negative cell envelope. The 

, .. '. " , ) 
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presence of LPS l ~nd II in each of the cell wall layers would be 

expècted considering the fact that LPS ia biosynthesized at the cyto-

plasmic membrane. In the marine pseudomonad it appears that the LPS 

1s translocated to the outer layers through the periplasmic region. 

This seems reasonable considering tnat a large ~ercentage of the 
\ 

',. :~periPlasmlc layer ls LPS 1 and II; relativ~ to the ~uter double-track 

1/ 

o 

"'t ..... r- ~ . 
. f, ·dayer (see Table 14). If LPS III ia a degradation product of the 

..-/ , 

other LPS species, as the experimental evidence would seem to indicate, 

then it shoul~also be found in aIl of the wall layers. More informa-

tion concerning the structure of tge Gram-negative ce11 envelope is .' ',,-
necessary to de termine how these different forms of LPS contribute to 

the overall configurat1on. 

<l 

An interesting ,observation that stems from these results was the 

large concentration of LPS found in the per1p1asmic region of the 

marine pseudomonad, a, finding which i8 seldom reported in other Gram~ 

negative cells. Shands (1966), ho~ver, did show the presence of LPS 

in the periplasmic region in an electron microscopie study using 

ferritin-labeled antibody. It was proposed (R.A. MacLeod 9 personal 

communication) that this periplasmic LPS is normally discarded wit~ 

tbe supernatant fluid dur1ng the formation of spheroplasts. This 

would explain why LPS has not been localized in the periplasmic region 

by chendcal means. The presence of LPS in the periplasm would tend 
1 

to refute the mechanism of LPS translocation from the cytoplasmic 

1 n 
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membrane to the out~r double-track by means of discrete attachment 

points between these two membranes as was pro~osèd by MUhlradt and 

co-workers (1973). Ferritin-Iabeled antibody was used by the se 

workers'1n order ta detect the appearance of newly formed LPS on 
(-

the bacterial surface. They concluded fram the results obtained 

that the LPS was found in patches on the cell surface only in are as 

where the cytoplasmic and outer membranes were in close ptoximity. 

lt does not seem that the resolution of this electron microscopie 

technique was fine enaugh ta permit this conclusion. 
\ 

Sodium dodecy~ suifate-polyacrylamide gel electrophoresis experi-

ments indicated, in the present study, that whole cells of the marine 

pseudomonad release LPS into the medium during growth of the eells. 
J 1 

Radialabeled gel profiles of the mater laI isolated from the medium 
, II 

correspond ta the three radiolabeled peaks that ,re obtained with LPS 
il 

extracted fram who le cèlls. lt i8 not unusual ta find iPS"in the medium 
\ . 

and many reports have been published (Crutchley et al.~ 1967; Lindsay 

et al." 1973 and Johnson and co-workers, 1975). Normally, low levela 

are found uniess thé LPS release is indu~ed under artificial conditions 

such as lysine starvation (Bishop and Work, 1965) or treatment of ~ha 

cel1sJdth chloramphen~col (Rothfield and Pear1man-Kothenez, 1969). 

In aIl cases reported, medium LPS has bean shawn to be identical to 
\ 

the cellular type and appears to represent old cell wall that Is cast 

off durlng thé normal turnover proeess (Knox et aL. ~ 1966 and Ta~lor _ /1 

and co-workers, 1966). 
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The detection of the LPS species in the èell wall layers by the 

method 'of SDS-polyacrylmide gel elecfrophoresis led to ,several other 
.< '~ 

important con~lusions. First, 'since theowall layers were solubilized ... 

and electrophoresed wit~out prior LPS extraction the resultsoestab­

lished that the whole"cell LPS was not degraded by the phenol-water 

extraction and subsequent p~ification procedures. Second, the h~gh 1 

. , 

concentrf~ion of proteio in the wall layers did,not affect the migra-
\ , . 

tion of the LP$ which established that the small amounts of contami-

J\atingQprotein 'br peptide, found in whole ceU LPS preparations, were ... 

not responsible for@theOelectrophoretic mobtlity of the LPS. , 

One of the characteristics of the SDS-polyacrylamlde gel electro-
1 

phoresis system that all~s 'its use for the determinatldn of molecular 

weights i8 the fact that the SDS masks allOnative charges on the sam-
" ~ 

o 

ple thus making everyth~ng negatively charged. This means that samples 

should separate on the ba*is of molecular size and not charge differ-

ences (Shapiro et al. 1 1967). 
, , 

In,the case of LPS, tt was found .that 
. , 

the amount of l1pid A. a1so plays a role' in the mobility of the' LPS _, 
f 

apparently due to the binding of SDS to the lipid A. This observation 

and the non-mobility of dextran molecular weight standards made lt 
o 

impossible to use the gel electrophoresis system for the determ1nation 
1 

of the molecular weights of the LPS species. Sepharose gel filtration' , 
() 

had been used previously for the analysis of detergent treated LPS 

(Rubio et al., 1913) and the availabillty of carbôhydrate standards 
\ 

, \ 
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made this ad appea1ing method fOT the estimation of the mo1ecular 

sizes of the ~PS species. The mo1ecu1ar weight values of 1.8 x loP 
. l ' 

daltons fOT LPS 1 and 3.0 lx. loS da! tons for a mixture. of LPS II and 
\ 

III appeared to be exceedingly large for dissociated LPS units when 

whole cel1 LPS aggregates were shawn to have mo1ecu1ar weights in 
, . j 

the range of 1 to 24 )( 106 daltons (Davies and co-workers,1954). In 

the present study the extent of SDS blnding
c 
to the LPS was not known 

but this should contribute little ta the overal1 molecular weight. 

The reason why LPS II and III were not separable by gel filtration 

was not determined. Perhaps their'separation by po1yacrylamide 

electrophore&is reflected ~he relative proporti~ of lipid A in 
( . 

gel 

the 

species rather than their molecular size. An additional proble~ that 

arose during the gel filtration experiments, besides the one of not 

being able to sèparate LPS II and III, was the difficu1ty of comp1etely 
.f 

removing SDS trom the material eluted from the columns. 
1 

This problem . 

was overcome by precipitating the SDS with barium chloride. The 

actual mechanisM of the 'reaction lS,not known, however, the DOst 'feas-

ible lattice arrangement is one'in which the barium ions are shared 

between the sulfate groups on neighboring SDS molecules. This afford­

ed ~ easy and effici~nt method for the remov4.\ of SDS from non­

sulfate containing compounds. Other procedures such as dialysis. 

chloroform extr~ction, or ion exchange chromatography (Lenard, 1971) 

elther dld not remove al1 of the detergent or were extremely tedlous. 

'ij> 
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The ~ibsynthe8is of the LPS species remains 8S the next major 

effort in the study of LPS heterogeneity. Osborn and co-workers (1972a) 

elucidated the steps involved in the biosynthesis of S. typhimuPium 

LPS without considering the existence of several differant molecular 

forma in t~ same cell. The SDS-polyac~ylam1de gel'electrophoresis 

system used in the present investigation supplies, an ~ssay system for 

use in the study of the biosynthesis of various LPS species in the celle 

The resolution of the sucrose gradient system used by Osborn W8S prob-

ably not good enough to obtain the separation of various LPS forma. 

Although the w~ presented in this study merely initiated an examina­

tion of the problem, tt is hoped that the ~thods that were de~eloped 

will be refined ta permit-the continuation of this investigation ~ 

the future. The rapid appearanee of LPS l, within two minutes of the 

addition of label, followed by the presence of LPS II within another 

three lIlinutès indicated that! the process that vas being monitored was 

indeed biosynthesis rather than degradation. It was unusual that LPS 
\ 

l, which had th? h~gher molecular weight, should be synthesized first. 

However, this observation, coupled with the following fact~, lent 

strong support to the possibility t~at LPS l,and II were biosynthesized 

independently and that LPS II was not a precursor of LPS 1: (i) The 

composition of the side chains in LPS 1 and II appear to be different. 

(!i) LPS 1 seema to have a side chain which containe repaating tetra­

saccharide units while LPS II has a si4e chatn éomposed of repèating 
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trisaèeharide units. Lipopolysaechar1de III, on the other hand, waa' 
/ ' 

not detected in the labeling experimen~s until late in the logarith-

mie phase of growth. lt appears, based on this information ~h1ch 

was obtained fr01ll tihe pulse-Iabeling experiaents, that LPS nI may 

be a degradation product of LPS 1, II or both. Degradation tould be 
1 

a result of normal cell wall turnoVer processes due to the action.of 

an autolytic enzyme. Environmental conditions during the late stages 

of the growth cycle,of the culture may favor an increase in the acti-

vit y of an autolytic enzyme. This may explain why LPS III does not 

appear ,until la te in the ,logarithmie phase of growth. Even though 

LPS degradation enzymes bave not been found in Gram-negative eeU 

-
walls, one has be~ discovered..in a coliphage (Reske et at., 1973). 

Not enough information i8 yet available to confirm this posaibility 

and a great deal of york remaina to be eompleted before the LPS 

species biOSynthet{c scheme is clear. The present studies should 

provide the necessary approach and do demonstrate that the LPS species 
1 

tan be studied in vivo. 

The mureinoplast and protoplast experiments were developed to 

attempt to answer lIIIUly of the questions that t~e previously described 

l~beling study could note In addition, the mureinoplast and proto­

pIast study can be used to investigate many of the problems ,t,hat have 

been encountered in the study of the biosynthesis and structure of 

th~ Gram-negative cell wall. 

) 

185 

v 

" ,< 



'i~~~ 
~~.: 
''iI'. 

t
:~~ 
, " 

" 
, ,', 

~".ft 

., 

o 

J 

(1) The method o~ LPS translocation from its site of synthesis at 

the ~ytoplasmic membrane to its position in the outer cell wall 

is not known. If an LPS carrier moleeule is involved or if 

LPS is translocated as a celi wall subunit in a complex with 

p~otein or lipi~ it could be easily isolated from the mureino­

pIast mediwn. This material is found only in the mediwn; that 

ia, it is not found in mure1noplasts which suggests that the 

carrier may not be abl~ to release the LPS if no cell wall 

acceptor site is available or if there ls no attachment site 

for an LPS-protein wall suhunit. The native complex would 

simply be transloeated into the medium following bioBynthesis. t 

\ 

(ii) Osborn et aZ. (1972a) indicated that some LPS h10synthetic _ 

enzymes ~y be céll wall hound. If mureinoplasts and protoplasts 

manufacture LPS then all LPS biosynthetic enzymes must be mem-

brane associated. .. 

(iii) As was discussed earlier, MUhlradt and co-workers (1973) proposed 

that newly formed LPS was transported via dis crete attachment 

186 

sites betFBen outer and cytoplasmic membranes. They also suggested 

that the LPS was distributed on the cell surface by lateral diffu­

sion from these attachment sites (MUhlradt et aZ., 1974).· Both 

of the above investigations reUed upon" electron microscopie 

studies using ferrttin-1abeled antibody. Mure1noplasts could 
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be used, under favorable conditions, to establish whether or 

not the out!r membrane fùnctions as an anchor point '1 newly 

synthesized LPS. ~ 

(iv) It has never been established whether or not autolytic enzymes 

exist in the Gram-negative outer cell wall. If they exis~ 

they may play a role in cell wall or LPS turnover. If the LPS 
" ' 

spec:les are biosynthesized by mureinoplasts and protopl~ts ' 
\ 

then LPS degradative enzymes cannot be present in the marine 

pseudomonad cell wall, provided that LPS III is a product of 

LPS 1 9r II. Lipopolysaccharide heterogeneity then could not 

Re the result of digestive enzymatic processes. 

Hopefully, this investigation has e~hasized that the structure 

of LPS is extremely complex and that this should be considered in 

any study on the composition, structure or'biosynthesis of LPS. The 

'reason why some bacteria conta~ several structurally different forma 

or species of LPS remains unknown. It has been postulated that on~ 

function of LPS is to create and maintain favorable environments for 

the protection and operation lof cell wall associated enzymes (Coster­

ton et aZ.', 1974). Perhaps structurally distinct lipopolysaccharides 

are associated with specifio enzymes and, in this manner, various 

regions of specifie hydrogen ion concentration and degree of hydro-. 
phobicity are maintained in the same cell wall. 
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