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I. Introduction 

The term 'amphiphile" is used to describe a di~ ~rse  range of polymers that share certain 
physico-chemicad similarities, namely the pre~nce of both hydrophflic and hydrophobic 
regions in their structure. Such amphiphiles or amphipathic molecules are present tn all 
membranes but bacterial membranes contain specialized amphiphiles which have evoked 
considerable interest because of their serological and biological properties and their pos- 
sible role in the pathogenesis of disease. The hyd~ ophilic component of these amphiphiles 
is generazy a charged polymer, as illustrated by the well-known lipopolysaccharides of 
Gram-negative bacteria and lipoteichoic acids of (;ram-positive bacteria. More recent addi- 
lions to this group are the enterobacterial common antigen in Gram.negative bacter/a, 
lipomannans in M i c n ~ c c u s  sp. and a new and only partially characterized amphJphile 
from Actinomyces sp. The lipoproteins in Gram-aegative enterobacter/a also share a num- 
ber of ~he properties of these amphiphiles. 

In the ca.*~ of Gram.negative bacteria the amphiphHes are detectable in the outel l;af- 
let of the oute r membrane and also to a lesser e:~ent in the external environment. In the 
case of Gram.positive bacteria they are presem in the cytoplasmic membrane but they 
can generally be detected as sdrface components and often to quite a significant ext,.at as 
extracellular components. 

.'Yb.¢ purpose of this article is to summarize and compare the known classes of these 
amphiphi~es with respect to their structure, locational mobility, physicochemical and 
biological properties as well as their l~tential and known role in pathogenesis of disease. 

ll. Chemistry 

Fig. 1 summarizes schematically the known s*.ructure of the va~ous types of clas,~es of 
amphiphile and stresses on the one hand their chemical diversity and on the other t!leir 
common features of amphipathicity (hydr6phil:c and hydrophobic regior~s), large m01e- 
cular .~ize and charge. 

11,4. L ipo po ly s~'c haeid e s 

Lipopolysaccharides are the olc~zst known example of amphiphile and have been 
extensively studied for well over a century both in terms of their chemistry and biological 
properties (/'or reviews see Refs. 1-6) .  

Much of  our knowledge, of the structure of lipopolysaccharides has come from studies 
on ,~lmonella sp. As illustrated in Fig. I ,  the molecule consists of three distinct regions 
covalently linked together, namely the hydrophilic polysaccharide and core regions :und 
the hydrophobic lipid component. The polysaccharide is composed of re.peating oliso,~c- 
charide units, which often contain rare sugars and which, in the case of ,~71mop~¢lla, 
enable specie~ to be identified by their O.specific antigens. Studies with a variety of 
gener~ indicate that there is considerable diversity in the structure of the polysacchalide 
component,  and that the presence of immunodorr.inant carbohydrate components pro- 
rides the basis for a serological classification. The core r,~ion, on the other hand, is 
generally regarded as being of constant composition for smooth strains from a particular 
genus although differences occur in the core structure of different genera. Two compo- 
nents which are regarded as characteristic are aldoheptose and 2-keto.3-deoxyoctonate 
although there are exceptions [7]. Ketodeoxyoctonate, apa[~ from c~mtributing ~h>ng 
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Fig. 1. Schematic zepresentation of  known and proposed st, ucntt~s of  vu~ous ¢las~es of  bacterial 
amphiphile. The t i l d e s  $~.re~ the esstntild amphtpathtc ~ t e ~  of  these lnok~-uks l a d  kKIk~te the 
nature of ch~ged subst~tuents on the t,ydrophili~ portion of  the polymet~ T:rminal  posittonit~ of  the 
hydrophobic or lipid n ~ t y  in the cases of  the enterobecterlal commo,,~ tnt;iten and the Ac,~,~m),~--es 
amphiphile is speculat t~ a l ~  based on analogy with the known s t r~ tu re  and properties or" other 
amphiphiles. Symbols: P-. phosphate; COO-, ¢azboxyl; FA, fatty, acid e~'.~---; Ata. t lanine; Lys, l y ~ e ;  
GIc, glucose; Gad, Ira©tote, Msa, ~ ;  NAcGI¢, H - e ~ t y I - D - ~ ~ i n ¢ :  N A ~ H ,  
N4cety  l-D-mmmuron~ itcid. 



with phosphate to the net negative charge, provides the linkage, thn)ugh an acid-labile 
bond,  to the lipid A region of  the molecule. 

The lipid A regions o f  lipopolysaccharides from a wide range o f  Gram.negative bact(,ria 
also share a general structural  similarity in which there are p h o s p h o ~ l a t e d  glucosamine 
residues fom)ing a disaccharide to which are a t tached fatty acids by ester and t ~ i n e  
bonds; characteristically the N-acyl r~sidue is a 3-hydroxy alkanoic acid, such as 3-by. 
droxytetradecanoic  (myrist ic)  acid. Ethanolamine or other  amino compounds  (0~,.g. 
4-aminoarabinose) are also often present.  

Microheterogeneity can exist in all regions el" the molecule such as the existen,-e o f  
side chains differing in length and subst i tut ion in the same lipopolysaccharide prepara- 
tion. in rough mutants  the side chains are missing and may also be absent  from some core 
regions of  l ipopolysaccharide isolated from wild type bacteria.  Indeed it can be said that  
lipopolysaccharide preparat ions are not homogeneous  [5].  

liB. Enteroboeterfal common antigen 

Enterobacterial  conwnon antigen is an antigen shared by almost all wild-type strain;  of  
Enterobacteriaceae [8 -1  ! ]. It has been isolated from Salmonella montevideo and sh(,wn 
to be a linear pa lymer  of  1.44inked N-acetyl-D-glucosamine and N-acetyl-D-mannosanlin- 
uronic acid es,erified to a small ex:ent  by palmitic and acetic acids. While 70% of  the 
polymer can t~  accouatcd  for by those components ,  the low water  solubility of  some 
preparat ions is perhaps suggestive of  further ,  at present unknown ,  lipid subst i tut ion j 10, 
I l ]. A further complicat ion is its occurrence in two different forms, one a haptenic  or 
free form o f  2700 molecular-weight  and the o ther  an immunogenic  form which is 
restricted to a few R-fom~ bacterial strains where it is covalently linked to the core region 
o f  the lipopolysaccharide [11 ]. While chemical character izat ion o f  enterobacter ial  o)m- 
m e n  antigen is incomplete  it can clearly be regarded as an amphiphile from its am!~hi- 
pathic and charged character.  

IIC. Lipoproteins 

Lipoprotein was first isolated and characterized from Escher#chia cell [12,13] and .~im- 
liar s t ructures  have since been shown to occur  in a wide range o f  Gram-negative bacteria.  
It is the most  abundant  protein in the outer  cell membrane  o f  E. coli and contain,~ 58 
amino acids in a predominant ly  helical polypeptide.  The N-terminal end is a cysteine ~-nsi- 
due which is rendered hydrophobic  by subst i tut ion of  the a-amino group wi th  a Ettty 
acid and the mercapto  group with a diglyceride; approximately one third o f  the  C-te-'mi- 
nal residues are in covalent linkage to the peptidoglycan layer o f  the  cell envelope,  ,.he 
rest being present in a free form. 

liD. Lipoteichoic acids 

Lipoteichoic acid was first isolated from Lactobacillus f : rmen tum [14] and ~in:ilar 
s t ructures  have subsequent ly been shown to be present in a wide range, but  not  a r ,  o f  
G r am-~s i t i ve  bacteria [ 1 5 - 1 8 ] .  They can be distinguished from the earlier known cell 
wall teichoic acids on the  basis o f  their  s t ructure  and lack o f  covalent association , d t h  
wall peptidoglycan.  IApoteichoic acids are typically linear polymers  0 fg lycerophosp~a te  
some 2 5 - 3 0  residues long linked I--3 by phosphodiester  bonds.  The 2-positlon of the 



glycerol residues can be substituted variously with sugars in glycoside line,age and o-ala. 
nine in ester linkage. The phosphomonoester end of the polymer is cow, delttly linked to a 
lipid. The latter may take the form of a glycolipid as hi the lactobacilli anc' some strepto. 
cocci [14,16,17,19], t'. phosphatidyl~ycolipid as in Streptocc~'cusfaecalis [20,2 ! ! or sim- 
ple fatty acid substitution of the terminal 81ycerol moiety as has been reported for a mu. 
tant of  Bacillus I/chen/[ormis that lacked the ability to form glycolipid [22]. The lipid 
moiety is generally also found as a free lipid constituent of  the plasma membrane. Fatty 
acid substitution generally reflects the overall fatty acid composition of tile zr:erlbrane 
lipids of  a particular species and in this sense lipoteichoic acid preparations are it~evita%ly 
heterogeneous. In species where lipoteichoic acids normally occur, their pr,:sence is much 
less subject to cultural conditions than the cell wall teichoic acids and, whi.e this might 
denote an importance of lipoteichoic acids in the economy of the producing cell. it prob- 
ably reflects a biosynthetic roule for lipoteichoic acids that is completely separate from 
that for wall teichoic acids [21,23,24[. 

l i e  L/pon~nnans 

As indicated above not all Gram-positive bacteria contain lipoteichoic acid, The genus 
Micrococcus has instead a lipomam,an, a linear polymer of some 5 2 - 7 0  D-mannose resi- 
dues about a quarter of which are succinylate:l. A glycolipid covalently joined ~o one end 
of the polymer provides the hydrophobic region of the molecule [25,26], 

liF, Other amphiphiles 

Actinom)'ces sp. are similarly known to lack lipoteichoic acids. Recently a complex 
and as yet incompletely characterized amphiphile has been isolated from A. i'iscc>sus and 
also been detected sero|ogically in other species of actinomycetes [27]. it appears to he a 
fatty-acid substituted heteropolysaccharide of mannose, glucos,- and galactose, Other sub- 
,~tituents, which would contribute to the overall net negative charge of the molecule, are 
glycerophosphate, lysine and alanine. The F or Forssman antigen of Di;~locoecus pm~L- 
moniae has amp|~ipathic properties [28] and while its structure is unknown it pwobably 
takes the place of lipoteichoic acid in this organism; both types of amph:phile ha~e been 
implicated as inhibitors of cell wall autolysins (see Section VIC-3). Strains of  Strepyo- 
coccus mitis have also recently been reported to lack iipoteichoic acids [29] but it is not 
known whether these organisms possess other amp~,ipathic species. 

Ill. Isolation and criteria of purity 

iIIA. LipopolymccharMes 

A variety of mild extraction procedures have been used to obtain lipopolys~ccharides 
in a water-soluble form. These include 45% aqueous phenol, 65--68°C [30]: aqueous 
phenol/chloroform/light petro~.eum 5- - '0°C for R.form bacteria [31 ] ; 0 ~ 5  M trich]oro- 
acetic acid, 4°.C [32]; aqueous EDTA (pH 8 .0-8 .5) ,  37°C [33| ;  aqueous butan-l-ol,  
0--4°C [33]; dimethylsulphoxide, 60QC [34 | ,  I M NaCI/O.I M sodium citrate (pH 7.0}, 
0--4°C [35] and aqueous diethyl ether at ambient temperature [36]. 

The most frequently employed method is hot aqueous phenol extraction of whole 
organisms, although cell dLsruptiol~, either mechanically or by l)~ozyrne treatment in :he 



presence of EDTA, has been reported to increase the yield of lipopolysaccharide on sub- 
sequent aqueous phenol extraction [37 | .  The e~aterobacterial common antigen has also 
been obtained by ~i~tilar procedures [8,9]. To obtain the lipopolysaccharide in the hot 
aqueous phenol extract the mixture is cooled and centrifuged to separate the phascs. Ttte 
lipopolysaccharide is usually present in the aqueous phase though in a few instances, such 
as Leptotrichia [38]. lipopolys~accharide is present in the phenol phase. The observati,~n 
that the more hydrophobic lipopolysaccharides of R-form mutants  and Veillonella ]391 
are poo:iy extracted by aqueous phenol is perhaps indicative of  an important role Ibr 
hydrophobic interactions. Such iipopolysaccharides are extracted in higher yields and 
high purity by the phenol/chloroform/light petroleum method. The composition of the 
extract front a particular organism is influenced by the extraction procedure and further 
puritication is generally necessary to remove coataminants which may include nucleic 
acids, polysaccharides, membrane lipids and prcttein.*. Proteins in particular bind teaa- 
ciously to lipopolysaccharides and for whole cell extraction the hot aqueous phenol 
methtxt is the best in terms of yielding a product ',ow in protein. 

IllB. Lip~teichoic acids 

Most of the extraction prccedures used for lipopolysaccharide have been compared 
[,tO] in the extraction of lipoteichoic acids. Trichloroacetic acid is precluded in that it 
results in loss of the lipid portion of  the molecule, while 45% aqueous phenol gives the 
largest yield of  the apparently undegraded molecule. Variations of  the aqueous phenol 
extraction procedures have been used to obtain lipoteichoic acids from a variety of  Gram- 
positive bacteria [40,41 ] and indeed the methoc~ has been extended to the extractio~t of  
other amphiphilic structures from organisms wh,:re lipoteichoic acids are absent, such as 
. ~ i c ~ s  and dctinomyces sp. f ' ~  "~g "7] ,  

With respect to lipoteichoic acids, extraction with 45% aqueous phenol at 65 -68*C 
gives a product low in contaminating protein while extraction at lower temperature gives 
higher contaminating protein but better preservation of  D-alanyl sub~ituents  [41]. In 
both procedures the long-chain fatty acid ester residues of  the lipid moiety of lipoteieaoic 
acids are retained. For complete extraction of lipoteichoic acid from small quantitit~ of 
c~Us (milligram quantities) the addition of 0,01 M Mg 2. to the aqueous phas~ of the 
extraction milieu has been shown to be very effective (see Ref, 78) in certain instances. 

IliC. P a r t , o n  procedures 

While 45% aqueous phenol appears to be useful in extraction of most classes of  amphi- 
phile (with the p o ~ b l e  exception of  lipoprotein for which boiling sodium dodecy~ sul- 
phate is the preferred procedure [12]), a variety of conditions should be examined with 
any new organisms or amphiphile studied with respect to final yield and purity of  prod- 
uct. Whatever method is used the extract will contain varying amounts of  contaminating 
polynuck~otide~, proteins and polysaccharides and, with some extraction procedures, 
lipids. 

Further purification usually involves ultracentrifugat,on in the case of fipopolysac- 
charides or gel-permeation chromatography in the case o¢ the other classes of  amphiphile 
[I ~ , 3 , 1 6 , 1 7 ~ 0 ~ 6 ~ 7 ] .  Digestion with DNa~  and RNase prior to such ~ - o n d  stage puri- 
fication can larl,,cly eliminate polynuclootide contamination and organic solvent extrac- 
tion is useful in removal of  'unbound lipid where the amphiphile is insoluble in the sol- 
vent. The other major sources of  contamination,  protein and poly~ccharide,  p l t ~ n t  



much more difficult problems. The tendency of amphiphi l~  to form tenacious c~mplexe~ 
with these macromolecules denmnds caution in detelrmining the pu,i ty of  pr.epa, ati,.ms. 
Protein can largely be eliminated from lipopolysaccharides by hot aqu~'ous pher..~l as has 
already been ntentioned, but the detection of polysacchatide contaminants in such 
amphiphiles which are themselves complex heteropolysaccharides becomes much n~re  
difficult. The situation is complicated further when such contaminants can als~ be ~.'on- 
stituents of  lipopolysaccharides, viz. the enterobacterial common antigen in its immune- 
genie form. Recently Galanos and co-workers [42] have achieved an extremely high stan- 
dard of purification and homogeneity for Salmonella a b ~ t u s  ¢q~,i lipoptdy~c~harlde. 
Protein was entirely eliminated from the preparation by applying the phenol/chk~n~fomff 
light petroleum extraction procedure to phenol/hot water ©xtracts of the organ~n.  Fur. 
ther purification by ultracentrifugation and electrodialy~s tL, ~ -ni t~rm salt form has 
resulted in a standardised lipopolysaccharide prepazation (Novo-Pyrexal)whi~:h is com- 
mercially available. 

Polysaccharide and protein contamination of lipoteichoic acid p~l~zrations while n~re  
readily recognizable chemically is not resolved by the simple gel-pernteation cht~rmtto- 
graphy used for partial purification of phenol/water extracts [16-1~] .  Treatment with 
broad sFectrum proteases will lower but not entirely eliminate protein. Lectin and h~dt~- 
phobic aff'mity chromatography has been used with limited success in |'urthe! purif'tcation 
of [ipotc,ichoic "acids (Ref. 43 and unpublished observations). Recently the novel tech- 
nique of the incorporation of lipoteichoic acid into liposomes and subsequent retrieval by 
organ/c solvent extraction has been reported to remove containing, ring polysaccharide 
[44], albeit the method is only applicable to the purification of milligram quantit/es of  
lipotei-'hoic acid. Ion-exchange chromatography also suffers from extreme limitations 
when us,~d for amphiphile purification. A combination of hydrophobic and ~onic inter- 
action between amphiphile and ion-exch.~nge resin generally makes for low and ~niable 
recoveries from such matrices [17,18] even in the presence of high salt ~.'x~ncentnttions 
and the eluted material may reflect fractions of relatively low h):drophobicity theft are 
not rept~:sentative of the whole preparation. The incorporation of detergents such 
sodium dodecyl sulphate or Triton X-100 does allow for quantitative o~ near q~mtitative 
recovery of amph/ph/les from ion-exchange systems and provides useful purific~tk~n tL~ls 
when chemical or structural work on the amphiphile is the imn~diate g ~ l .  li', ho~,,~vcr. 
the purpose of  purification is to study biological properties that involve membrane in~er- 
action, complete and certain removal of  the detergent becomes a major problem. ~ t  
are clearly needea are methods for the complete purification of amphiphiles that do not 
risk contmnina'~on with membrane-active chemicals and also afford yields of  umphiphile 
that can ~ considered represen:etive of  the star~ing mater/al. Until thi~ is achieved ~m~e 
doubt must be exercised as to the real significance of  some of the plethora of biologi,.-~l 
activities that have been reported in the literature (vide infra). 

While purity of  arnphiphile preparations can be defined in terms of the presence or 
absence of  expected contaminants heterogeneity is "built-in" into many amphiphites, This 
is particularly striking in the case of lipopolysaccharides where there i.¢ clear evidenc~ of 
different molecular species in individtzal pre-~q~rations of fipopolysaccit,tride. For example, 
physically separable fractions of lipopolysaccharide, differing greatly in the lengths of 
their side-chains, are present in/::  coli 011 i .134 [45], and differences in compositi~.m and 
degree of polymerization of  the side-chain have been found in other st~in~ of  F.. ¢~h" and 
other genera [46-48]... :rhe degree of hete.rogeneity in other amphiph/les, apart from 
fatty acid substituents, remains to be determined. 



IV. Physico-chemk~ properties 

Amphiphiles in aqueous solution tend to form micellar aggregates of  one form or 
another to occlude water from the hydrophobic regions of  their molecular stlucture. 
While the forces involved in this self.aggregation are probably largely hydrophobia:, metal 
cation ionic bonding and hydrogen bonding could also be involved. Solutions of  l i~woly-  
saccharides are generally opalescent and both sedimentation studies and electron ndcros- 
copy reveal a polydispersity of  aggregates with particle weights of  several million ,hlton~s~ 
The shape of the individual particles varies through ribbons, discs and vesicles de~nd ing  
on both the organism of  origin and the isolation procedure. These micellar aggregates can 
be dispersed by surfactants or chelating agents such as EDTA. The solubility of  lipopoly- 
utccharides can be altered by conversion to uniform cationic salt forms by electrodialysis 
[4t),50] artd this in turn can lead to changes in biological properties (vide infra). Th~ exis- 
tence of  other amphiphiles in aqueous solution as miceilar aggregates is a~umec~ both 
from their chemical structure and behaviour on gel-permeation chromatography following 
treatment with detergents or chemical deacylafion. IApoteichoic acids, for i n s t a n t ,  have 
a K,v of  around 0.1 on colmrms of 6% agarose gels but following deacylation or treatment 
with detergents the Kay is increased to 0.5 [14,17]. Lipoteichoic acid, from wlfl,:h the 
fatty acid re ,dues  have been removed by mild chemical or enzyme hydlolysis, b~haves 
similarly to detergent-treate~l lipoteichoic acid on agarose gels, the inference being that in 
the absence of  hydrophobic interaction the lipoteichoic acids behave as monomers.. Con- 
vincing electron micrographs of lipoteichuic acid micelles have yet to be obtained but it 
would appear that the micellar structure of  lipoteichoic acid is smaller and less bizarre 
than that of  lipopolysacchar~de (Wicken, A.J., unpublished observations). Unfike lipo- 
polysaccharides, where metal cations and polyamines are associated with 'native" material, 
!ipoteichoic acid preparations as examined by Energy Dispersive X-ray a n a l y ~  are not 
associated significantly with Ca 2÷ or.Mg -~* (MacKay, M.A. and Wicken, A J . ,  unpublished 
observations) but will readily bind cations if these are added to lipoteichoic acid solutions 
[51 | .  Electrodialysis o f  lipoteichoic acid preparations in an attempt to alter micellar size 
by changing the nature of  associated cations did not produce a demonstrable effect and it 
is suggested that the small amount o f  protein that remains tenaciously in such prepara- 
tions acts as a counter-cation. Similarly other amphiphiles have been reported to form 
miceUar aggregates in aqueous .~;olution, which is not surprising in view of  the chemical 
structure of  this group of  compounds [12,25,27]. 

V, Location of amphil~ilee in the produck~g cells 

VA. Gram-negatA, e l ~ c t e ~  

Gram-negative bacteria have typically a cell envelope of  three layers, namely an outer 
membrane, a layer of  peptidoglycan and an inner cytoplasmic membrane. The three 
classes of  amphiphile thus far isolated from Gram-negative bacteria are detectable in the 
outer membrane (Fig, 2). In S a / ~ d / a  t y p h i m u ~  ~n, the outer membrane is made up of  
lipopolystccharide, protein Cmcluding lipoprotein) and phosphofipids in a weight ratio of  
0 .3 :  I.] :0 .3  [52].  

The use o f  ferritin-labelled antibodies [53] showed that lipopolysaccharide was in the 
outer membrane and projected some 300 A beyond it. Preparations of  outer membrane 
made at O°C show only lipopolysaccharide on the outer face, at high temperatures trans- 
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Fi~. 2. Dtasxammatic representation of a generalised Gram-neLtative bacterial c¢,11 e n ~ l ~ .  ] 'he t~n¢¢ 
leaflet of  the bilayer or" the outer membrane is shown to be c o m p t ~ d  ex~entk~lly of  pht~pht.]tVid i PrY 
and protein {Pr) with lipop[otein (LP) fozmin8 a covalent at tachment to the peptidx~tly~': -~ I~¢r  t~'~- 
lying the plasma melnbrane. In the outer leaflet of  the outer membr ,ne  bih3'er lip~.voJ.~s,~.-h~zt~ 
(LPS) molecules are shown, the three regions of the lipopolysaccharide m ~ c u l e  ~re der~ktc~J as b4~-k 
zectar~le (lipid A), open squares (core polysaccharidc) arid black bar (~)-pob'sa~'~.-ha[id¢). Smo~th 
rough variants o f  lipol>olysaccharide molecules are shown as sLPS and rLPS ~$pc~t i~ ly .  "l'h¢ e ~ t ~ -  
bacterial common antigen is shown in its hapt©nic form (ECA) and also attached t,.~ a ~ f ~ m  Itt~- 
polysaccharide in its immunogenic form (ECA-rLPS).  The possible Uresen,.'¢ o f  some t~f the lipt~eto- 
tein (LP) complement  in the outer leaflet (see text) is also allowed for. An ex,.'rcted o,Jter m e m b ~  
fragment composed of lipopolysacchar~de, enterobacteg/al common ar.tigcn, phospholipid a ~  protein 
is depicted as a micellm' aggregate in the external environment.  

m e m b r a n e  m o v e m e n t  c a n  o c c u r  w i t h  l i p o p o l y s = c c h a r i d e  b e i n g  fo~md o n  b o t h  s/ t lcs o f  t h e  
o u t e r  m e m b r a n e  [ 5 4 ] .  i t  is t h e r e f o r e  sugges ted  t h a t  in  t h e  n a t i v e  s t a t e  l / w ~ p o l y s a c c h a r ~ e  
is f 'ma l ly  l o c a t e d  r a n d o m l y  d i s p e r s e d  in  t h e  o u t e r  l ea f l e t  o f  b i l a y e r e d  o u t e r  n m m b r a n e  ~r~d 
cove r s  a p p r o x ,  3 0 - - ~ t 0 ~  o f  i ts  a re  t [ 5 5 ] .  P h o s p h o l i p i d s  c n  t h e  o u t e r  h a n d  a re  b e l i e v e d  to  
b e  c o n c e n t r a t e d  in  t h e  i n n e r  l ea f / e t  o f  t h e  b i l a y e r  [ 1 3 , 5 6 ] .  In  c o n t r a s t  t o  S. t y o ~  
it  h a s  b e e n  d e m o n s t r a t e d  in  E.  c o ~  t h a t  t h e  d i s t r i b u t i o n  o f  l i p o ~ r i d e  is n o t  
r a n d o m  b u t  r a t h e r  i n  d o m a i n s  t h a t  do  n o t  i n t e r m i x  f r e e l y  w i t h  e a c h  o t h e r  a n d  m a y  b e  o f  
d i f f e r e n t  c o m p o ~ t i o n  [ 5 7 ] .  It w a s  ea r l i e r  s h o w n  t h a t  E D T A  t r e a t m e n t  o f  E. c o ~  c o u l d  
re lease  u p  to  5 0 ~  o f  t h e  l t p o p o l y s a c c h a r i d e  [ 5 8 ]  i n d i c a t i n g  t w o  f o r m $  o f  t l ~  p o l y m e r / n  
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the outer membrane. Newly synthesized lipopolysaccharido was not EDTA-cxtractabl¢ 
but with time became distributed between EDTA-extractable and non-extractable forms. 
It has been suggested [59] that a fraction of the lipopolysaccharid¢ molecules are bound 
to each other through divalent cations (EDTA-cxtractable) while the other fraction inter- 
acts hydrophobically or ionically with other molecules in the membrane. 

Enterobacte~ial common antigen is presumecl to occupy a similar location in the outer 
membrane to lil~polysaccharide particularly in those strains where it is linked to R-form 
lipopolysaccharide stubs [ I I ]. 

Li~}protein, on the other hand, or most of it. is inserted in the inner leaflet of  the 
outer membrane [ 12,13l. A third of it is covalently linked to the underlying peptidogly- 
can and provides anchor points for the outer membrane to the more rigid peptidoglycan 
[12,13]. Some exposure to the outer surface of at least a portion of the lipoprotein is 
suggested by inmmnological studies [ 12,12a]. In smooth strains, with complete lipopoly- 
saccharides, lipoprotein was non-imnmnogenic but in rough mutants, lacking the shielding 
O-specific side chains, lipoprotein was immunogenic and could be detected at the surface 
with specific antisera [ 12,12a]. 

There have been numelous reports of the release of  outer membrane fragment., in the 
fo:m of lipop~lysaccharide-phospholipid.protein complexes from growing and stationary 
phase cells [ 6 0 - 6 7 | .  In ~.: o # i  this appears to be, preferentially, newly synthesize¢i mate- 
rial [(~7 ]. Thus complexes containing mixtures of  the Gram-negative bacterial amph iphiles 
can be t\~und in ;:~e bacterial external environment. This has important connotations in 
cx~nsidering the biological activities of  these amphiphiles in eucaryotic systems. Th,.' possi- 
bility that Gram-negative organisms may in some cases excrete only the carbol'ydrate 
moiety of lipopolysaccharide is illustrated by the finding that Xan thomonas  sp. :brined 
an extracelltdar polysaccharide that had a sugar composition including ketodeoxy- 
octonate, reminiscent of  lilx~polysgccharide, but lacking lipid [68]. 

I "B, Grmn-l~Siti~'e &:cteria 

Gram-pos:tive bacteria have a much simpler wall s~ructure. Surrounding the c)toplas- 
mic membrane is a cross-linked network of  peptidoglycan to which polysaccharides and 
teichoic acids are covalently bonded as the major components. The known and proposed 
xelationships of  Gram-positive bacterial amphiphiles to the wall-membrane complex are 
shown in Fig. 3. 

The discovery of  a membrane lipid component in lipoteichoic acids readily suggested 
an attachment of these amphiphiles to the plasma membrane by simple intelcalation of  
the fatty acid residues of the lipid-moiety with the upper half of  the bilayer of  the mem- 
brane. Serological detection of  lipoteichoic acid at the surface of some bactzri3 led to the 
proposal of a model [69] in which the long polar glycerophosphate chain of the iipo- 
teichoi¢ acid could penetrate the peptidoglycan network of  the cell wall and, in some 
cases, be detectable as a surface antigen. This is the case for instance in L. f e e m e n t u m  
where lipoteichoic acid is the group antigen and major surface immunogcn when whole 
organisms are injected into rabbits [70]. Sapport for this model was obtained by the use 
of  ferritin conjugated to goat antirabbit v-globulin to detect the sites of interaction 
between lipoteichoic acid and rabbit antibody specific to the polyglyeerophosphate chain 
[69]. Electron mictographs showed heavy labelling of  the surface of  whole organisms, 
protoplasts and membrane fragments while ~.'xtension of the technique to immunochemi- 
cal labelling after fixation and thin-sectioning [71 ] showed ferritin label extending from 
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Fig. 3. Diagrammatic repre~ntation of • tgenemltsed Gram-positiv~ cell walt-plamna membraae ~'~r,~- 
plex. The plasma membrane is shown as being composed of protein (Pr). phoetpl~4iptd (PL), teJL~,,'~ - 
lipid (GL) and, in the upper leaflet of the bilL•yet° acyhtted lipoteichoic acidx (aLTA), the FO'drop~tbc 
polyglycerophosphate chains of which extend throulgh the matrix of the ceU wall to the ~.'gil s~t~t~-~. 
Lipoteichoic acid molecules in the pro~:ss of exer t ion from the c~ll and having a Uapnitory k',ca~i~., 
in the cell wall (tLTA) are shown in bc.th acylated and detcylatcd form. Wall pob'~tt~.'chatide (P~) is 
algo shown in the process of excretion. ".The external milieu is depicted a5 being compo.wd of excreted 
polystccharide, protq:in, deacylated lipowichoic monomers (dLTA) and ~ s  micellar comp41exe; (~t" 
(a) excreted m©mbra,-te lipids (MI), (b) a~:ylated lipot©ichorc acid, protein, ~ i p i d  and poly.~t¢,- 
chazide (M2), and (c) acyltted lipoteich.oic acid and pr(,tein (M3). Other Gram-positive bacterial 
amphiphiles discu~,-sed in the text are not shown as their prt~ise locations, while assttmcd to be simiku- 
to lipoteichoic a,:ids, are not known. 

the upper  surface o f  the membrane~ th rough  the  wall,  to the  surface o f  the cell as 
demanded  by  the model .  Space-filling models  o f  t~e Str, f~.cali$ lipot©ichoic acid [21 | 
showed clearly tha t  the spatial o r ien ta t ion  o f  the four  f a t t y  acid h y d r o c a : b ~ a  chains ~ a s  
such tha t  the  proposed  intercalat ion into  the uppc:r ha l f  o f  the  membrane  b i layet  was 
s te reochemica l ly  possible and would  act as a membrane  "anchor" for  l ipoteichoic  acid. 

These results suggest a generalized Ioca¢ion o f  i ipoteichoic acid over the  suffa~.-e o f  the  
plasma membrane .  A more  specific site o f  locat ion ent i re ly  in meu3.~m,~  has been sue- 
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rested [72 ] from the analysis of mesosomal and plasma membrane fractions from Staphy- 
I¢~¢~('c'us aurer,s. Similar studies with S t r  faecalis [73] did not support this view. The 
dangers of  assignment of specific Io,:ations for lipoteichoic acid or other amphiphiles on 
the basis of sub-cellular fractions alone ~.g compounded by the ready loss and perhaps 
relocation of lip~teichoic acid t'rom membranes under conditions of low Mg 2'~ concentra- 
tions [74l.  it is of course possible that locaJised concentrations ofl ipoteichoic acid may 
occur in regions of the cell and/or at different times during the cell cycle. 

More recently this somewhat static model of lipoteichoic acid location had to be modi- 
fied with the finding that many organisms excreted lipoteichoic acid into the external 
environment [75,76] in significant quantities and under conditions where there was no 
wall turnover or cell lysis. A transient existence of lipoteichoic acid as a solely wall and 
surface component could also be envisaged [77] as a stage in the process ofl ipoteichoic 
acid ¢xcretion. As a further complication lipoteichoic acid can be recovered from both 
locations (extracellular and cellular) in two forms, a high molecular weight micellar aggre- 
gate or true amphiphile and a lower molecular weight deacylated monomer form which° 
lacking the fatty acid hydrocarbon chains, cannot undergo hydrophobic aggregation. The 
relative proportions of lipoteichoic acid in the two locations as well as the proportion of  
acylated micellar form to deacylated monomer varies widely with the species of organism 
and its phase of growth [ 7 5 - 7 7 j .  in Str. faecalis extracellular lipoteichoic acid is entirely 
in the deacylated monomer form during logarithmic growth and evidence has been pre- 
sented that it is derived directly from the cellular lipoteichoic acid through the action of  a 
membrane'deacylase" [78]. In many of the oral streptococci and lactobacilli, on the other 
hand, lip~teichoic acid is excreted in both molecular forms even under balanced growth 
conditions in the chemostat [77,79,80]. With Str. mutans BHT the amount  of  extracel- 
lular lipoteichoic acid is some 8-9-fold  greater than the c¢|lular lipoteichoic acid at pH 
6.0 and generation times of 14 h [77,79,80]. L. fermentum shows a marked increase in 
excretion of lipoteichoic acid ~lt generation times approaching that generally estimated to 
be likely growth rates of microorganisms in the nutritionally limited environment of  the 
oral cavity [77,81 ]. Treatment of  growing organisms with antibiotics such as penicillin or 
starvation for an essential amino acid also increases the excretion of  lipoteichoic acid and 
lipids [82,83]. 

With regard to the other Gram-positive bacterial amphiphiles rather less is known of  
their precise location. The structural analogy of  lipomannans to lipoteichoic acids sug- 
gests a similar location and lipomannan has been shown to be a major surface antigen of  
protoplasts of  M. luteus (lysodeikticusj [25,84]. Some enrichment of the lipomannan has 
been reported in the mesosome fraction [25,84] and it appears to be more firmly bound 
to membrane than lipoteichoic acid, but this could I)e due to a lower hydrophiltcity of  
the lipomannan compared to the highly charged lipoteichoic acid [84]. The Act inomyces  
viscosus amphiphile can similarly be detected at the cell surface and both amphiphiles 
have been found in culture fluids [27] although it is not known whether excretion 
involves deacylation in whole or in part. 

vl .  pro r  

One of  the most outstanding properties of  amphiphiles is their ability to bind to eryth- 
rocyte membranes. All of  the amphiphiles discussed above do this readily and generally 
without  modification of  the erythrocyte surface or arnphiphile molecule [ 1 ,?.,9,10,12,16, 
2 7 ] .  Agglutination of amphiphile-sensitized erythrocytes with antisera is used as a semi- 



13 

quantitative assay procedure [2,16,17,27|. it has z-:lsc been u~d to dct~ct and quantify 
]ipoteichoic acids in culture fluids [75,80] and, sirLc0 d©acylatcd lipotcich~ic acid 'T~n~- 
mers do not ~nsitizc erythrocytes (vide infra), this method will distinguish bctw~-n t ~  
acylatcd and dcacylated forms of the amphiphile. FILaernal~tUtination has also been 
exploited in the detection of new amphiphiles. Utilizit~g the principle that anlphiphi]~ 
arc generally surface located ".ad immunogenic as well us pze~ent in cultur© fluids, A. rrz- 
coxux was grown in the diffusible portion of dialysod medium, the organisms were used to 
immunize rabbits and the non-diffusible portion of slant m~rdia v, as used to ~en~tiz¢ 
erythrecytcs. Subsequent haemagglutination to high titres indicated the p ~ n c e  tJf an 
erythrocyte-sonsitizin8 spzcies in the culture fluid which was then isolated and paz~ially 
characterized as a new type ofamphiphile [27], 

Lipopolysaccharides, the best known amphiphil~, show a wide rant~e of b io to~a l  
activities which have been studied for over a century (see for instance Refs. I -~O): the cel- 
lular location of this component and its toxic properties led to th= ~!'q:rnzt~ and older 
name ofendotoxin.  As shown in Table I, some of these properties are sha~e~ by the other 
classes of amphiphile. Broadly these properties can b¢ grouped into: (a) those which 
involve binding of the effector amphiphile to a cell membrane, azld (b) tho.,¢ inv,~lving 
intermolecular reactions in solution. The list is incomplete as many of the new a~.lphi- 
philes still have to be tested for certain biological properties and the table is by no means 
exhaustive as far as the ef~'ects ol'lipopolysaccharide are c~mccrned [5,6,50]. 

It should also be borne in mind that the conclusions regarding lipopolysaccharides are 
based on the studies wit~- preparations from entert~bacteria, particularly S,~/r~,,~r//.~ sp. 
and /~: col/, and do not necessarily apply to all ]ipopolysaccharidcs. Some examp4es of 
lipopolysaccharides that differ in their properties from entembact.-rial l i popo l~¢ -  
charides are: 

(1) The preparation from Chromobacterium riolaceutn, which does not react with 
complement [85]. 

(2) The preparations from Rhodospirillum tenue and R h ~ / o ~ r n o ~ l a s  :,ir/d/s which 
do not display lethal toxicity in adrenalee~tomized mice: Rh. tenue hpopolys~ccharid© 
also shows no reactivity with complement and is only weakly pyrogenic [85 ]. 

(3) The lipopolysaccharide of Bacteroides asaccharolytit~ts which <1¢: ¢s net give a der- 
mal Shwartzman reaction and requires considerably highez doses th:,= ,¢~m~i to gi~e a 
positive reaction when tested for Limulus lysate relation and chick emt.ryo letlmlity [7]. 

Lt~deritz and coworkers [85] have compared the structures of  the lipid A compo~ent 
from C vio/aceurn and Rhodospirillaceae sp. with those from Sa/mcm¢'/~ ~p. EKff©ren,.-e~ 
in the lipid A backbones and in their substituents were evident, particulzrly in the case of 
Rps. vin'dis lipopolysaccharide, but all contained a 3.hydroxy alkano:c acid. The 
teroides lipopoiysacchatide has not been subjected to such a thorough study; it is atypical 
in that it lacks heptose, 2-keto-3-deoxy-octonate and D-3-hydroxyznyristic acid [7] 
though whether another 3-hydroxy alkanoic acid is pzesent is not knowr,. 

VIA. Binding o f  amphiphiles to eucaryotic cells 

While all amphiphiles will bind to erythrocytes and other mammal~.an ¢¢lls only two 
classes, namely lipopolysaccharides and lipoteichoic acids, have been examined in any 
detail. 

VIA (1). Lipopolysaccha~'des 
The lipid moiety 0ipid A ) o f  lipopolysaccharide is essential for membrane bindhzg. 
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Lipid-free polysaccharides do not bind to erythrocytes but este[ificati~n with as litttc as 
5% O-stearoyi groups 8ires ready and optil~a.t sensitization [86]. 

Identification of the eucaryotic nwmbrane leceptors h3z p r o ~ J  more difficult. Studies 
on the receptors of  the erythrocyte membrane have employed both indirect and direct 
proc-et~ures. The indirect procedure, where compounds were examined for their ability to 
inhibit the binding of lipopolysaccharide, showed that phos|.-,holipids and chtdesteso~ were 
active. An interaction between phospholipid and lipopolymccharide has also been indi. 
cated by the specific requirement for certain types of phospholipid in in vitro biosyn- 
thetic systems [87]. Direct studies on the specitic receptor led to the isolation from 
human erythrocyte membranes of a lipoglycoprotein, v~here the evidence sull~ested 
lipid A was binding to hydrophobic residues of the protein portion [88]. The conclusioft 
that the isolated complex was the specific receptor was supported by the observation that 
different lipopolysaccharides competed for the same receptor, the receptor did not binti 
other antigens that were tested, and the receptor would remove lipopolysaccharide 
already bound to erythrocytes [88]. Studies on leucocyte-lipopolysaccharide interaction 
by the same laboratory [89] have givcn the suggestion that the receptor in this ca~  is in a 
membrane phospholipid fraction, in both cases the receptors need to be more i'ully 
defined chemically to substantiate the author's su88estions of  different receptor3 in the 
two cell types. 

A recent study [90] on the binding of radiolabelled ~ co//lipopolysaccharide to a 
variety of eucaryotic ,cell types showed a consistent p:zttern of adst~rption and desorp t i~  
which was hlterpreted as indicating membrane reorganization and heterogeneity in the 
lipopolysaccharide population. In the latter case the more hydrophobic mokcules were 
suggested to penetrate the bilayer causing membrane reorgani?.ation and deso~ptic~rt of  
ionically bound less hydrophobic molecu!es at the surYace, 

As a meep~ of studying the interaction of lipopolysaccharide with membrane, several 
investigators have employed model systems. Studies on the penetration of  phospho;:pi~ 
monolayers by lipopolysaccharides [91-94]  have also indicatec a structural specificity, 
phosphatidylethanolamine layer~ being penetrated readily while phosphatidylcholine 
layers were not. Alkali treatment of  the lipopolysaccharidc, presumably resulting in some 
simplification of  the lipid A region through removal ofester4inked but not amide4inked 
fatty acids, save greater penetration of phospholipld monolayers and, unlike the native 
lipopolysaccharide, mortolayers of  cholesterol. Treatment of  artif'w.ial bilayers of  phos- 
phatidylcholine and cholesterol with lipopolysaccharides save a decreas~ stability of  the 
bilayer but not if  the annphiphiles were first deacylated with hydro~xylamine [92]. Arti- 
ficial liposomes will s/so incorporate lipopotysaccharides into their stt~cturc, and in the 
presence of anU4ipopo]ysacchadde anthers and complement will undergo immune lysis 
[95]. These results reinforce the idea of essentially lipk.'.lipid attraction in lipopoly- 
saccharide-cell membrane interactions and the possibility of  unstab'dizi~ effects on cell 
membranes could be the triBgcr for various biological effects of  144pO~~Clll l tzfr~ on 
cells. If  l ipopoly~cchandes will only interact with certain phosphol~pids, then va~ t io l t  
in phospholipid composition from one type of  eucaryotic cell to another could explain 
some of  thc specificity of  the lipopolysaochaxide-trigl~ red reactions [6], 

VIA(2). L ~ o  t¢ichoic aci~ls 
As with lipopolysaccharides, most detailed studies o£ lipoteich4~ic acid binding to 

eucaryotic cells have be~n carried out with erythro~ytes. Spontaneous binding of lipo- 
teichoic acid to oral mucosal cells, human platelets and a variety of  other nutmatalian 
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cells [Q6-qq |  have also been reported, In all cases the lipid moiety appears es,~ential for 
binding in that th, • deacvlated molecule is no longer active whether this be prepared by 
mild alkali treatmont [ 16,97] or digestion with Candida c) , l indrc~t  lipase (Wicken, AJ .  
and Kin,x, K.W,, ,Jnpublished observations) or isolated as naturally occurring monomer, 
To demonstrate further tilt role of the fatty acid substituents in this process Beachey et 
al. [ 100| used [~H| Zipoteichoic acid from Str. pyoKenes as a more sensitive test oferyth,  
rocyte binding than haemagglutination wilh anti-Iipoteichoic acid antisera. Mild alkaline 
deacylatio~ removed, as expected, the binding capacity but this could be restored to 
nearly 5 ~ -  of  the original by re-esterifying with stearoyl chloride in N.N-dimethyl- 
formandd~" and pyridirte, "rreatlnent of the deacylated lipoteichoic acid with the various 
reagents i~ the absence of stearoyl chloride did not restore the binding capacity. Thus the 
main body of  evidence would support st.~ongly the cop.~.~ntion that the fatty acid sub- 
stituents of lipoteichoic acids are essential for their ability to adsorb to the erythrocyte 
surface a~d is completely contrary to the idea | 10l | that lipid is non-essential to the pro- 
cess, 

Binding of [3H]Tipoteichoic acids from Sir. pyogen¢$ or Sir. faccalis to human and 
sheep e ry th~c ) t e s  ~as been found to be cell concentration, time and temperature depen- 
dent [I00|, At 370< ̀ binding approached a maximum only after 2 h ofincubaxion. Esti- 
mation of the av.-rage number of  lipoteichoic acid receptor sites per adult human eryth. 
r4.:cyte as well as th,~ir binding affinity gave values of approx. 29 • 106 sites with a di.,;.so. 
clarion cottstant of 4.5 4aM: human cord blood erythrocyt¢:s gave figures of  30 -  lO 6 site.~ 
but a higher dissociation constant of  31 t~M, while sheep e:rythrocytes showed 7.2 - !06 
sites and a dissociation constant of  1.6/JM. 

Evidence that the binding is reversible, as with lipopolysaccharide binding, was pro- 
vidcd [100] by "cold-chase" experiments using exce~es of  homologous and heterologous 
lisx~teichoic acids. The binding of  radiolabelled |ipoteichoic acid could also be inhibited 
by an excess of  unlabelled heterologous as ,,,-.e!! as homologous lipoteichoic acid [100]. 
Tllese results indicate that similar receptor sites on the erythrocyte surface are involved in 
the binding of lipoteichoic acids irrespective of their structure. This is not unexpected, 
given a hy(hophobic interaction, when the overall heterogeneity of the fatty acid sub. 
stituents of  lipt~teichoic acids are considered, i.e. probably [ipoteichoic acids from differ- 
tn t  species are very similar as far as their hydrophobic 'ends" are concerned. 

In contrast, lipopolysaccharides from Salmonella enteritidis or Serraria marcescens 
failed to inhibit th :  binding of radiolabelled lipoteichoic acid or affect the kinetics of  
binding, indicating that these two amphiphiles have different binding sites [100]. Evi- 
dence that both arftphipathic species were bound to the same erythrocyte was provided 
by haet~mgglutination with antisera specific for their amphiphile when the titre was the 
same as with erythrocytes sensitized with either amphiphile alone. Binding of liooteichoic 
acid to ! lunch erythrocyte membranes only affected accessibility of  A and B bloodgroup 
antigens to their respective antibodies as occupation of  lipoteichoic acid binding sites 
approached saturation [ I00 | .  

Studies on lipoteichoic acid binding sites on the erythrocyte point to importance of 
protein component:~ rather than carbohydrates [ 100,102]. Binding of lipoteichoic acid to 
erythroc:yte ghosts showed similar characteristics to whole cell binding and SDS gel elec- 
trophor¢:sis indicated lipo~eichoic acid association with a single protein band, distinct 
from th:Lt associated with !ipopolysaccharide receptors [ 102]. Further work is r.~-quired to 
determine wh~ther this protein ~,ssoctation is real, and represents a true receptor, or for- 
tuitous ":hrough the extraction procedure. 
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The hydrophobic component of lipoteichoic •cid is of  course simpler in structure anO 
closer to eucaryotic membrane lipids than that of lipopolymtccharides and binding 
through i n t e ~ O o n  into the romnbrtne bilayer is probably easier in the fotmor than in the 
latter case. It was early observed that alkali.treated, with subsequent loss of  some fatty 
acids and bilayer stlMcture, lilx)poly~ccharide binds more readily to membranes than the 
native form [103]. The demonstrated associations o£ ltpopolymccharide and lipoteichoic 
acids with distinct erythrocyte membrane proteins may well be • tecondary event follow- 
ing a primary lipid-lipid hydrc.phobic interaction, it has been noted [104] that alkali- 
treated lipopolyutcchatllde not only has a 8rester affinity for erythrocytes but will ah~o 
cau~  haemolysis under certain conditions |n the absence of  antibody or complement. 
Lipoteichoic acid like native lip0polysacchat ide on the other hand does not cause haemo. 
iysis and this may reflect a greater penetration and perturbation of  the lipid bilayer of  the 
membrane in the case of alkali-treated lipopolysaccharide, it is perhaps a pity that lack of  
toxicity of  lipoteichoic acid could not be explained by a lack of  membrane perturbation 
,since haemolytic alkali.treated lipopolysaccharides are generally less toxic than the native 
form [92,105 ]. 

The binding of  lipoteichoic acid to eucaryotic cell membranes has also been proposed 
as a factor contributing to the binding of  group A streptococci to several types of  mam- 
malian cells [106]. Pla~nna membrane glycolipids can mediate eucaryotic cell-c~ll adhe- 
sion [107]. However, the evidence presented thus far [106] suggests that the reaction 
between the streptococcal and ettcaryotic cells is more complex than a simple binding of  
lipoteichoic acid, and probably involves protein components and both ionic and hydro- 
phobic forces [ 18 | .  

The ionic properties of  lipoteichoic acid have been suggested as playing an important 
role in another important adherence reaction, namely th~ adherence of  bacteria to the 
tooth surface to form dental plaque [75,108]. This conclusion is based on the observa- 
tgon that lipoteichoic acid will bind readily to hydroxyapatite, presumably through ion- 
i~ed phosphate groups and divalent cation bridging [75]. 

VIB. Consequences o f  amphiphile-eucaryotic cell interacts'on 

The plethora of  biological effects of  amphiphiles in eucaryotic systems has already 
been referred to and a summary of  some of these properties is shown in Table l. Some of  
these effects are toxic, leading to the deatl~ of  the organism whereas some may be con- 
sidered beneficial. 

VIB( I ). Pyro&enici~ and lethal toxici~ 
Thus far the classical endotoxic properties o f  pyrogeni~:ity and lethal toxici ty evinoed 

by lipopolysacclutrides appear to be restricted to members of this class of  amph/phile. 
The lipid A moiety of  lipopolysaccharides has been shown [50,85] to be respon~ble for 
these toxic effects and isolated lipid A will produce most of  the biological effects of  
native lipopolysaccharide. The lack of  endotordc-lilce effects of  lipoteichoic acids (non- 
lethal in mice in doses up to 100 mg/kg body weight and non-pyrogenic in rabbits [IC?~ 
probably relates to the much simpler lipid substituents of  lipoteichoic acids and lack of  
hydroxyacyl esters cF racteristic of  lipid A. !3~)protein [12] and the enterobacten!al 
common antigen [136~ are similarly non-toxic and non-pyr,'~,enic. The other c l ~  o f  
amphiphile have not been examined in Otis connection but it would seem likely that the~e 
too, with their simpler lipid components, will prove also to t,# non-pyrogenic and non- 
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toxic. ~'he mechawJism o f  endotoxic effects of  lipopolysaccharides is still poorly under- 
stood. :here is some evidence that activation o f  membrane-bound adenyl cyclase systems 
is invol-.'ed with alterations in cellular levels of  cyclic AMP and cyclic GMP [6].  Apart 
from pyrogenicity and lethality, the Shwartzman phenomenon, bone-marrow necrosis, 
!eucopenia, leucocytosis, hypotension, abortion and tumour necrosis can be considered to 
be toxic properties of  lipopolysaccharides [6].  i t  is now becoming apparent that with the 
general activation of so many eucaryotic systems the obse~ed physiological effects are 
likely to be due to combina t ions  o f  s t imulat ion o f  different  systems and that  it is the con- 
current  overst imulat ion ~,f a range of  processes in the host that  results in the toxic events 
observed [61. In o~:.,er words toxici ty results f rom activation o f  various cell types rather 
than from a direct toxic effect o f  the ] ipopolysaccharide molecule [6] .  

~'IB" 2}. Immunogcni~'ity 
The detect ion o f  all known  amphiphi les  as surface antigens has already been referred 

to. Their significance as major  or minor  surface antigens varies with the species o f  organ- 
ism and class o f  amphiphi le  as also does their immunogenic i ty .  |mmunogen i c i t y  o f  iso- 
lated amphiphLles is very dependent  on mode  o f  presentat ion and physical state o f  the 
amphiphile .  As with other  biological propert ies  the most  s tudied immunogen ic  effects o f  
amphiphi les  are restricted to  l ipopolysaccharides [ I - 4 , 5 0 , 8 5 ]  and l ipoteichoic acids [16, 
] 7 ,77 ,79 ,109] .  Space does not  permit  a detailed discussion o f  a wealth o f  l i terature on 
this topic which has been well reviewed in the references ci ted above. However,  some o f  
the salient features and differences between the immunogenic  and antigenic propert ies  o f  
l ipopolysaccharides and l ipoteichoic acids are wor th  summarizing.  

Lipopolysaccharide~ ,a,¢ well known  as thymic  independent  immunogens  thzt induce 
polyclonal  B cell activation with a p redominant ly  IgM humora l  response. Either on the  
bacterial  cell surface or following isolation (especially if  the preparat ions  contain bacterial 
pro te in)  they  are generally po ten t  immunogens .  An t ibody  specificity is generally directed 
at de te rminants  on the polysaccharide por t ion o f  the molecule (immunodomin." nt  sugars 
are the basis for the serological classification of  many  Gram-negative bacteria).  Potent  
anti-lipid A ant ibodies  can be obta ined by injection into animals o f  deep-rough mutan t s  
f rom which ke todeoxyoc tona te  has been removed and whose surface has been coated 
with excess lipid A, and such ant i ,era  are widely cross-reactive [50 | .  

Lipott.ichoic acids, on  the o ther  hand,  appear  to  be T-cell dependen t  ir~munt,gens and 
their  humora l  response gives rise to bo th  Iglvi and lgG ant ibodies  [16 ,17] ,  Specificity is 
variously directed against the glycosidic subst i tuents ,  or the polyglycerophospha~:e back- 
bone  o f  the molecule,  which is con-..'~.cn to  -,d-~ I:poteichoic acids, with the resul': ~:hat the 
ant ibodies  are cross-reactive, The i m ~ u n o g e n i c i t y  o f  l ipoteichoic acids depends on the 
m e t h o d  o f  presentat ion.  In some organisms there is sufficient exposure  o f  lipn~:eiehoic 
acid at the  cell surface for it to  be expressed as a major  i rnmunogen when wh~d~: organ- 
isms are injected,  in o ther  organisms im~u~ooj 'r_icity is increased or may only be detect-  
able if disrupted organisms are injected [16 ,17] .  The immunogenic i ty  o f  isolat.~d lipo- 
teichoic acids is variable and dependen t  at least to some ex ten t  on the amount  o f  com- 
plexed protein  present in the preparat ion [40] and the use o f  adjuvants,  such as Freund 's  
comple te  adjuvant ,  is generally required to give antlsera o f  high ti tre [16.17,1091.  
Deacylated m o n o m e r  l ipoteichoic acids are n o n 4 m m u n o g e n i c  unless comple~:~:d with 
o ther  substances with a resultant  higher molecular  size or  part iculate form. 

Lipoprotein  has been repor ted to give a p redominan t ly  IgM response following injec- 
t ion o f  rough mutant~,  where lack o f  O-specific polysaccharide allows its expos~Jre at the 
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cell surface, or of fipopmtein-coated erythrocytes [12]. Antigenic specificity appears to 
be mainly in the (::-terminal or non4ipid end of the molecule [12,137|.  Data concerning 
the immunogenlcity of the other amphiphtle classes are restricted mainly to humoral 
responses following injection of whole organisms [10,11,25.27,84: and specificity gener- 
ally relates to the carbohydrate portions of their molecular structure. 

Hypersensitivity reactions to lipoteichoic acids have been observed in both our labora- 
tories (Wlcken, A J .  and Knox, K.W., unpublished observations) and that of Fiedel and 
Jackson [ 110]. In both cues  the reactions obaerved are complex and clear-cut definitions 
of the type, of hypentensitiyity involved are not possible at this stage except that it seems 
unlikely that cell-mediated type IV hypersensitivity is involved. In rabbits immunized 
with complexes of streptococcal group A lipoteichoic acid with bovine serum albumin, 
hypersensitivity reactions with the properties of both type ! and type !!! hypersensitivity 
were observed [I 10]. In our laboratories (Wicken, AJ . ,  Knox, K.W., Jackson, D. and 
J~ckson, G.D.F., unpubfished observations) anaphylactoid symptoms and Arthus-type 
reactions have been observed in rabbits immunized and ch:tllenged with different doses of 
lipoteichoic acid and bacterial cells with surface-a~ociated lipoteichoic acid. 

VIB(3). Mitogentcity 
Mitogenic stimulation of iymphocytes by immunogens either directly or in admixture 

with adjuvants appears to be a major factor in eliciting the immune response. Lipopoly- 
saccharides are well.established as potent B- but not T-lymphocyte mitogens and will act 
a • . adjuvants for other immunogcns, presumably through a similar B.cell activation. T--at 
lipid A but not deacylated native lipopolysaccharides will act similarly is indi~:ative of the 
irr:portance of the hydrophobic portion of the molecule in this activation. Binding of 
Upopolysaccharide to lymphocytes while presumably a prerequisite for activation is not 
s~afficient in itself for activation since binding is the same in lymphocytes from spleens of 
n~ce strains that are (a) responsive, and (b) unresponsive to lipopolysaccharide-induced 
n.itogenesis [6,1 1 1 ]. Lipoprotein has similarly been reported to be a B-cell mitogen and 
T.independent with release of ester-linked fatty acids resulting in loss of mitogenicity 
[ 2]. The mitogenic status of the other amphiphile classes, particularly lipoteichoic acids, 
is still far from clear. Evidence that lipoteichoic acids can suppress the immune response 
to sheep erythrocytes in mice but stimulate the response to iipopolysaccharide is sug- 
gestive of some effect on the antigen processing section of the immune system [ I ! 2 | .  Ini- 
tial studies on isolated lymphocytes suggested no mitogenic activity for lipoteichoic acids 
[17,1 12]. More recently conflicting claims that lipeteichoic acids are exclusively T~-ell 
[113] or B-cell mitogens (Chen, U. and Mi~ell, R.I., personal communication) have 
created some confusion. In both cases the degree of stimulation, while dose-dependent, 
is not as marked as with lipopolysaccharides. The conflict as to which lymphocyte type is 
stimulated, since both T- and B4ymphocytes appear to bind lipoteichoic acids [1 13], 
probably relates to differences in lymphocyte preparation and homogeneity while the sig- 
nificance of the stimulation may be questioned on the grounds of  purity of the lipo- 
teichoic acid preparations used, i.e., are the relatively low levels of stimulation observed 
due to lipoteichoic acid or perhaps complexed protein? Whatever the answer the present 
situation is a clear indication of the caution required in interpreting results in this area 
and the need for fully standard/sed test systems as well as clear criteria of purity of  the 
preparations under test. In this connection it is Worth noting that phenol/water prepara- 
tions (containing approx. I% protein) of  .Y~imune;~ abortus equi lipopolysaccharide 
showed a low mitogenic activity in C3H/He J mice 0ipopolysaccharide-resistant)while 



20 

the protein-free Novo-Pyrexal preparation (see Section II lC)was completely f r ~  .:,f mite- 
genie activity. Both preparatiens were highly mitogenic in normal mice [42]. 

VIII[4/. Eff~'~'!." on other cucarvotic cellular s.l,stems 
(a)Bone  resorption. The phenomenon of  bone resorption and consequent loss of 

alveolar bone is of  considerable significance in advanced periodontal disease. Tes, systems 
involving the measurement of  4sca release from rat fetal bone in organ culture sh<,w stim- 
ulation of the process by lilx~polysaccharides, lipoteichoic acids [I 14] and the I)repara- 
tion of Acn'nomyces ar~:phiphile (Hausmann, E. and Wicken, A.J., unpublishec! observa- 
tions); in all cases an intact lipid moiety in the amphiphile is essential for activity,,. "['he im- 
portance of  fatty acid esters is supported by observe,titans that bone resorption is also 
stimulated by free fatty acids [I 15] and prostaglandins which can be considered as fatty 
acid derivatives [ 1161 The mechanism of the stimulation may not be the same in each of 
the amphiphile classes studied (Hausmann, E., personal communication).  

(b) Macrophzge stimulat&m. Both lipopolysaccharides and lipoteichoic acids ~ill stim- 
ulate macrophages as measured by increases in the phagocytic index in carbon clearance 
by the reticu~t:-endothelial system [6,17,50,109,110] or more specifically by lylosomal 
enzyme relea:;~ [ i 17] (O'Grady, R.L., Harrop, P.J., Wicken, A.J. and Knox, K.V,'., unpub- 
lished observati¢,n). However, lipoteichoic acid will only stimulate the release of  pre- 
formed lysosomtl enzymes (O*Grady, R.L., personal communication) whereas lip oi~olysa~:; 
charide also stimulates the synthesis of  lysosomal enzymes and of  collagenase [117]. 
Both classes of  ~mphiphile stimulate non-specific immunity [4-6,16,17,109]  which may 
be related, at least in part, to macrophage activation. 

(c) Shwar~man ,,~action. The well-known Shwartzman reaction, in both its l,~calized 
and generalized for~., is produced in rabbits by lipopolysaccharides and lipoteichoic acids 
though somewhat higher doses of lipoteichoic acid are required [4,5,109,118] ; in both 
instances the generalized reaction is accompanied by bilateral necrosis of the kidm:ys. The 
mechanism of  the reaction is still obscure but it is generally accepted to involve neutro- 
phil activation with release of  iysosomal enzymes [i 18]. 

[d) Turnout necrosis. There have been numerous restarts of  turnout neerotizit~g proper- 
ties of  lipopolysaccharides [ 119-121 ] and the reacti,~n once again appears to b,: associ- 
ated with the hydrophobic portion of the molecule, lipid-rich endotoxins, viz. those from 
rough strains, possessing greater tumour  necrotizing potential [I 22]. Neoplastic transfor- 
mat ion.has  been associated with changes in cell membrane properties [123] ancL in this 
study the binding of  a rough form lipopolysaccharide to rat fibroblasts was shovnn to be 
greater in transformed cells than in the normal cell line. In a similar context lipoteichoic 
acid from group A streptococci has been shown to have marked cell destructive capabil- 
ity for human kidney and liver cells in tissue culture; in this case, also, activity ~epended 
on hydrophobic interaction as deacylated material was inactive [ 124]. 

VIC. Molecular interactions o f  amphiphiles 

VICT I ). Complement 
While probably all amphiphiles are capable of activating complement by tht: .-lassical 

pathway following antigen-antibody interaction, the direct reaction of amphipI,i~es with 
components of  the complement system is a more specialized property,  which has been" 
studied in detail with lipopolysaccharide [4-6 ,50,125]  and which has receJ,tly been 
shown for group A streptococcal lipoteichoic acid [126]. Inhibition of  cont~lement- 
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mediated lysis of  erythrocytes by lipoteichoic acid [127] could be dependent on the con. 
sumption of complement by the alternate pathway or chelation of divalent cations neces- 
sary in the early stages of the classical pathway. 

The generalization that lipopolysaccharides activate complement by the alternate path. 
way requires qualification. As indicated by the studies of Galantnt and coworkers [85. 
125], most lipopolysaccharide$, whether from smooth or rough straitls, are very active 
provided they are highly aggcegated, as originally isolated, or after their conversion to a 
uniform salt (sodium or calcium salt). However, lipopolysaccharide$ present in a disag. 
grega~ed form (e.g. triethylamine salt) do not react with complement and a number of 
lipopolysaccharides including ones from certain rough Salmonella minnesota strains and 
other genera mentioned previously [85] do not show any reactivity. It is also noteworthy 
that the selective abolition of anti-complementary activity by conversic.n of lipopolysac- 
charide to the triethylamine, form, did not affect other endotoxic properties, and thus 
provided the first example of the selective dissociation of one biological activity from 
others exhibite d by lipopolysaccharides [85,125 ]. 

VIC(2). Limulus i vsate ~nteraction 
The gelation of  lysates of  amoebocytes from the crustacean Limulus by low concen- 

trations (ng/ml) of lipopolysnccharides has been proposed as a simple and cheap method 
of assaying both pharmaceutical products and human body fluids for the presence of lipo. 
polysaccharide [128,129]. However, the test is not as specific as has been suggestt,0. Posi. 
rive reactions are given by lipoteichoic acid [130] and the Acn'non~yces amphiphile 
0Nicken, A J . ,  Shock_nan, G.D. and Rudegeair, DA. ,  unpublished observations~ ".hoti~h 
considerably higher concentrations are required. These results, together with the obser- 
vation that deacylated lipoteichoic acid is inactive [ 130] could be interpreted as indicat- 
ing that the reaction is another example of the unique reactivity of amphipathic mole- 
cules. However, peptidogiycan is active [103] and so also is a synthetic preparation of 
dextran phosphate [131]. The ex~mir~ation of the latter compound was part of  a study 
on dextran derivatives in which it was shown that palmitoyl dextran, palmitoyl dextran 
phosphate and alkali-treated (deacyla~ed) palmitoyl dextran phosphate were all active 
[ 131 | .  Thus while the Limttltas test mly  be more sensitive to lipopolysaccharide is is not 
an exclusive property of any particular class of compounds. 

VIC(~,'). Interactions with proteins and polysaccharides 
Evidence that amphiphiles readily form complexes with other polymers such as pro- 

teins and polysaccharides has already been referred to and indeed presents the greatest 
probl,'m in purification of amphiph~les. In vivo, however, such complexes are more likely 
to be the norm and the question must be asked as to what modulating effect the f o r n . .  
tion of such complexes may have on the biological effects of  the indix~,dual components 
in vivo. Information in this area is at present sparse and confined largely to in s~tro obser- 
vations. Interaction of  lipopolysaccharide and lipoteichoic acids with the protein compo- 
nents of  complement would be one example of modulation of biological activity by 
amphiphiles. It is known that lipoteichoic acids and the pneumococcal F antigen can act 
a s power ful inhibit ors of  bacterial cell wall autolytic enzymes [28,132-134] .  Mammalian 
lysozyme, an enzyme common to many body fluids and reputedly having a beneficial role 
in controlling bacterial multiplication, is similarly inhibited by lipoteichoic acid (Cleve. 
land, R.F., Wicken, A J . ,  Daneo-Moore, L. and Shocknmn, G.D., unpublished observa. 
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tions). These effects are lost upon deacylation of the amphiphile and are thus presumably 
hydrophobic in origin. 

Dextransacrases from Str. mutans  have been reported to be stimulated by th,: ~resence 
of phospholipids from human sera and oral fluids [135]. The level of activiq, of  this 
enzyme in vivo has been related directly to the cariogenicity o f  Sir. mutans  an,~ it is pos- 
sible that lipid stimulation of activity may be of bacterial origin since many oral strepto- 
cocci ~:xcrete lipids as well as lipoteichoic acid in significant quantities (Pieringer, R.A. 
and Shockman, G.D., personal communication). In Salmonella a clear requirelnent for 
and stimulation by phosphatidylethanolamine with respect to at least two of the glycosyl- 
transferases involved in lipopolysaccharide synthesis has been elegantly demcnstrated 
[911. 

Interaction of amphiphiles with polysaccharides is evidenced by the difficulty in puri- 
fying certain lipoteichoic acids, for instance those from Str. rnutans strains BHT [80] and 
AHT. In the latter case the native extracellular polysaccharide-lipoteichoic acid complex 
was capable of sensitizing erythrocytes, which were then agglutinated by polysa,:charide- 
specific antiserum [44]. 

Such interaction of amphiphiles with other molecules can be envisaged as increasing 
the biological activity of  the complex beyond that of the individual components. 1he 
proposed role of lipoteichoic acid in the ~inding of group A streptococci to mammalian 
cells provides one such example [18,106]. This phenomenon points to the need for more 
detailed investigations of the molecular interactions of amphiphiles with each other and 
with components present in their natural e,~vironment. 

VID. Pathogenic potent ial  o f  amphiphiles 

The role of  lipopolysaccharides in ma:umalian and human disease through direct or 
indirect cytotoxic effects, while still not clearly understood, has been clearly established. 
The purpose of this review article has been to underline the existence of oth,'.r classes of 
amphiphile, particularly as excreted bacterial products, with many properties in common 
with lipopolysaccharides and which may also mediate in disease processes. Such media- 
tion could be through: 

( I )  lmmunogenicity, cross-reactive antibodies and hypersensitivity. (2) Mitogenic lym- 
phocyte stimulation. (3)Complement activation by the classical and/or alternate path- 
ways ~JAth thc release of inflammatory factors. (4)Monocyte and macrophage activation 
with the release of lysosomal enzymes. (5) Stimulation of bone resorption as occurs in 
periodontal disease. (6)Involvement in the adherence of pathogens to specific cellular 
sites. (7) Stimulation or inhibition through direct molecular interactions of soluble fac- 
tors such as en1~ymes involved/n defense mechanisms of the host. 

While the e-,~uat!on of real as opposed to potential roles of  amphiphiles in disease is 
still largely in the future and will undoubtedly stimulate much research interest in this 
group of bacterial products, one common and important property of all arnphiphiles has 
already emerged. That is the essential requirement for a hydrophobic lipid moiety in the 
molecule for the expression of practically all of  the biological effects that have thus far 
been observed. 
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