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Summary 

Lipopolysaccharide and phosphatidylethanolamine are the two major lipid 
consti tuents of  the membrane of  Salmonella typhimurium. Interactions 
between the purified lipopolysaccharide and phosphatidylethanolamine were 
studied in molecular monolayers at air-water interfaces. 

The equilibrium surface pressures of mixed films of  lipopolysaccharide and 
phosphatidylethanolamine were determined as a function of  the film composi- 
tion. The plot of  the equilibrium surface pressure vs. the area occupied by 
phosphatidylethanolamine molecules exhibited two distinct regions. Below a 
phosphatidylethanolamine surface concentration at which 55% of the surface 
was occupied by phosphatidylethanolamine molecules, the equilibrium pressure 
was invariant and had the value of  a pure lipopolysaccharide monolayer  at 
maximum compression. At phosphatidylethanolamine surface concentrations 
in excess of 55% surface area occupation (phosphatidylethanolamine/l ipopoly- 
saccharide (mol/mol)  > 16), the equilibrium surface pressure was a function 
of  the surface concentration of phosphatidylethanolamine. The results suggest 
a simple model in which lipopolysaccharide and phosphatidylethanolamine 
form a complex in which each lipopolysaccharide molecule is surrounded 
('lipidated') by a shell of  approx. 16 phosphatidylethanolamine molecules. 

Introduction 

Biological membranes contain a large number of  amphipathic molecules and 
it is likely that  specific interactions between these molecules play important  
roles in membrane structure and function. These interactions have been defined 
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best in the case of protein-lipid interactions, which have been implicated in the 
function of several membrane enzyme systems [1]. In the case of cy tochrome 
oxidase, it has been shown directly that a fraction of the phospholipid is 
closely associated with the protein, presumably as a shell of 'boundary lipid' 
[2] and it is likely that similar lipid-protein associations obtain for other 
intrinsic membrane proteins. In contrast, it is not  known whether specific 
associations occur between lipid molecules within the basic phospholipid 
matrix of the membrane. The present s tudy describes interactions between 
bacterial membrane glycolipid and phospholipid components.  

The cell envelope of Salmonella typhimurium and other Gram-negative 
bacteria contains a complex glycolipid (lipopolysaccharide) consisting of 
covalently cross-linked monomeric units whose structure is shown in Fig. 1. 
Each monomer  contains a non-polar region ( 'Lipid A') covalently linked to a 
complex polysaccharide. 

The cell envelope of these organisms contains two membranes. Most of the 
lipopolysaccharide is located in the outer  membrane where it occurs together 
with phospholipids and proteins. A small amount  of lipopolysaccharide is also 
present in the inner (cytoplasmic) membrane where it is part of a membrane- 
bound system, composed of lipopolysaccharide, phospholipid and glycosyl- 
transferase enzymes, that is responsible for biosynthesis of the polysaccharide 
port ion of  the lipopolysaccharide molecule (see ref. 3, for review). In vitro 
reconsti tution studies using purified transferase enzymes, lipopolysaccharide 
(LPS) [1] and phosphatidylethanolamine (PE) have indicated that the initial 
stage in reassociation of these components  is formation of a mixed lipopoly- 
saccharide-phosphatidylethanolamine structure, as shown in the following 
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scheme: 

LPS + PE -~ LPS-PE (I) 

Enzyme + LPS-PE -* Enzyme-LPS-PE (II) 

The above sequence has been demonstrated in aqueous solution by isolation 
of the indicated intermediate complexes [4]. Reconstitution also has been 
shown using monolayer techniques [ 5,6] with functional reassembly being indi- 
cated by restoration of transferase enzyme activity in oriented films at air- 
water interfaces. The restoration of function suggests that the molecular 
organization of the components in the reconstituted system is probably similar 
to their organization within the membrane. 

In this communication, we report preliminary studies of the nature of the 
lipopolysaccharide-phosphatidylethanolamine complex. These studies, using 
the monolayer system, suggest a model in which each lipopolysaccharide mole- 
cule is surrounded ('lipidated') by approx. 16 phosphatidylethanolamine mole- 
cules in the plane of the monolayer. 

Materials and Methods 

(a) Preparation of lipopolysaccharide 
Galactose-deficient lipopolysaccharide was isolated and purified from S. 

typhirnurium G30 (deficient in UDP galactose-4-epimerase) as previously 
described [5]. Concentrations of lipopolysaccharide were determined from 
heptose analysis. One molecule of lipopolysaccharide was taken as the trimeric 
form containing a total of six heptose residues [ 5]. Tritium-labeled G30 lipo- 
polysaccharide was prepared by growing strain G30 under conditions identical 
to the unlabeled material except that the medium contained N-acetyl-D-[ 1-3H]- 
glucosamine (Amersham/Searle). Label was present for two generations of 
growth. The lipopolysaccharide from the labeled bacteria was purified by 
procedures identical to those used to purify the unlabeled material. The labeled 
lipopolysaccharide mixtures used in the experiments were prepared by mixing 
the appropriate amounts of labeled and unlabeled material. Specific activities 
(determined by heptose assays) ranged from 24 000 to 140 000 dpm/nmol 
lipopolysaccharide. 

(b ) Preparation of phosphatidylethanolamine 
Phosphatidylethanolamine from S. typhimurium G30A was prepared as 

previously described [4] with the modification that a silicic acid column 
chromatography purification step [7] followed the DEAE-cellulose chromatog- 
raphy step of the original purification scheme. The purified material was 
subjected to thin-layer chromatography in solvents I and II (see below). When 
the plates were stained with iodine vapor, both solvent developing systems 
showed a single spot comigrating with authentic phosphatidylethanolamine. 
Concentration of phosphatidylethanolamine was determined by phosphate 
analysis. 

Labeled phosphatidylethanolamine was prepared from cells of strain G30A 
grown in the presence of [ 2-14C]acetate (New England Nuclear) for two genera- 
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tions. Except for the presence of label, the growth conditions and purification 
procedure were identical to those used to prepare the unlabeled phosphatidyl- 
ethanolamine. When the purified labeled material was analyzed by thin-layer 
chromatography as described above the [14C]phosphatidylethanolamine 
showed a single peak of radioactivity comigrating (>95%) with authentic phos- 
phatidylethanolamine. The [ 14C]phosphatidylethanolamine was mixed with un- 
labeled phosphatidylethanolamine to prepare mixtures of appropriate specific 
activity. Specific activities ranged from 2000 to 20 000 dpm/nmol.  

(c) A naly tical procedures 
Heptose was measured as described by Kent and Osborn [8]. Total phos- 

phate was determined by the method of Ames and Dubin [9]. Thin-layer 
chromatography of phospholipids was performed on silica gel plates {Eastman) 
in the following solvent systems: solvent I, CHC13/CH3OH/H20 (65 : 25 : 1, 
v/v); solvent II, CHC13/CH3OH/glacial acetic acid { 7 : 3 : 1 ,  v/v). Paper 
chromatography of 3H-labeled lipopolysaccharide was performed on Whatman 
No. 1 filter paper developed in isobutyric acid/1 M NH4OH ( 5 : 3 ,  v/v) as 
described by Boman and Monner [10]. Authentic G30 lipopolysaccharide was 
co-chromatographed with the labeled sample. After developing, the chromato- 
gram was cut, one half was stained with silver nitrate-periodate [11] to 
visualize the standard and the other half cut  into strips and counted to deter- 
mine the distribution of label. 

(d) Monolayer experiments 
(1) Equipment. The monolayer  experiments were performed with the three 

compar tment  trough and apparatus described previously [5]. The only 
modification of the apparatus was the replacement of all glass components  by 
Teflon. The movable frame in which the monolayer  was formed was machined 
out of a single block of teflon and had a fixed area 1.91 • 10 is nm 2. Preparation 
of other materials and reagents and details of the technique are given by 
Romeo et al. [5]. The subsolution in all experiments was 20 mM Tris-HC1, 
pH 8.5, and the temperature was maintained at 27.5 ± 0.5°C. 

(2) Penetration experiments. Known amounts of phosphatidylethanolamine 
dissolved in CHC13/CH3OH (85 : 15, v/v) were applied to the surface enclosed 
by the teflon frame using a calibrated Hamilton microsyringe. Surface pressure 
was monitored continuously as described previously [ 5]. After addition of the 
phosphatidylethanolamine,  a solution of lipopolysaccharide was injected into 
the subsolution to a final concentration of 5 pM and the subsolution was stirred 
with a magnetic stirrer. Penetration was followed by monitoring the surface 
pressure. Equilibrium pressure was considered established when the surface 
pressure remained constant  for at least 4 h. To test whether such films were at 
maximal compression, a teflon barrier at one edge of the fixed area frame was 
moved slowly over the surface so that  the surface area was decreased. It was 
found without  exception that  films which had reached a constant surface 
pressure were also at maximal compression since decreasing the area of such 
films did not  increase the pressure. 

(3) Quantitation of phosphatidylethanolamine and lipopolysaccharide in 
mixed films. The composition of the mixed films of phosphatidylethanol- 



73 

amine and lipopolysaccharide was determined using a double label technique. 
Films were formed and penetration of lipopolysaccharide performed as 
described above using [14C]phosphatidylethanolamine and 3H-labeled lipopoly- 
saccharide of known specific activities. 

To remove the unabsorbed 3H-labeled lipopolysaccharide from the subsolu- 
tion the following washing regimen was followed. After penetration to constant 
pressure the film was transferred to the middle compartment  of the three com- 
partment trough, the subsolution stirred to remove material not  firmly bound 
within the monolayer,  and the film then moved to the surface of the third 
compartment.  The subsolution from the first two compartments was removed 
by aspiration and fresh subsolution was added. The film was then moved back 
to the first compartment  after stirring the subsolution in the middle compart- 
ment. This regimen reduced the background contribution of 3H-labeled lipo- 
polysaccharide of  the final subsolution to levels from 8- to 60-fold lower than 
the amount  recovered in the monolayer films. This range reflects the difference 
in film compositions rather than the effectiveness of washing. Surface pressure 
was monitored continuously during the manipulations of the monolayer film 
to confirm that  the integrity of the film was maintained and that  washing did 
not  lead to desorption of material as would be indicated by a drop in surface 
pressure. 

For direct analysis of the film the surface layer was removed by aspiration 
through a capillary tube. Quantitative recovery (see below) was achieved by 
sweeping the surface layer to a corner of the frame with a Teflon bar during the 
aspiration procedure. 

Immediately following the recovery of the film, aliquots of the subsolution 
were removed that  were equal to the volume removed with the film during the 
aspiration (0.5--0.8 ml) and the analysis of the film was corrected for material 
present in the subsolution. The samples were transferred quantitatively to 
liquid scintillation vials by successive washings with a toluene-based scintilla- 
tion fluid containing 15% Biosolv (Beckman). The aqueous content  of the 
samples was adjusted to 5% by addition of subsolution buffer so that analysis 
by double label counting was performed at constant quenching. Samples were 
counted on a Beckman LS230 scintillation counter and spillover corrections 
were made using standards prepared in identical scintillation cocktails with 
identical quenching. 

In control experiments, the efficiency of recovery was determined under 
several different conditions. In the first set of experiments, known amounts of 
[14C]phosphatidylethanolamine, covering the entire range of phosphatidyl- 
ethanolamine concentrations used in the penetration experiments, were applied 
to the surface of a clean subphase. When the surface film then was removed by 
aspiration and counted there was consistent recovery of 90--95% of the label in 
the aspirated sample and less than 0.1% was found in the subphase. Extensive 
washing with chloroform of the Teflon components forming the film contain- 
ment  frame recovered an additional 3--5% of the total counts. In a second 
series of control experiments, unlabeled lipopolysaccharide was injected into 
the subphase after the labeled phosphatidylethanolamine was placed on the 
surface, and films were recovered after the equilibrium pressure had been 
reached. With high phosphatidylethanolamine films {ape > 0.3, Eqn. 1, see 
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below), 90% of the label was recovered in the film, 1% or less had desorbed and 
was recovered in the subphase and about  5% was associated with the apparatus. 
At very low phosphat idylethanolamine concentrat ions (ape 0.3), 75% of the 
radioactivity was recovered in the film and 15% had desorbed into the sub- 
phase. Values for N in calculations of ~PE (Eqn. 1) were corrected for these 
losses. In another  set of preliminary experiments only a fraction of a mixed 
[ 14C] phosphatidylethanolamine-3H-labeled lipopolysaccharide film was 
removed by aspirating for a short t ime so that  surface pressure did not  decrease 
to zero or by permitt ing the equilibrium film to partially escape beyond the 
boundaries of  the movable frame. The 14C/3H ratio in the aspirate was the same 
(-+15%) as in films in which the film was completely removed. 

The limiting area per molecule of phosphat idylethanolamine was determined 
from monolayer  isotherms at 27.5~C as described previously [5]. The area per 
molecule of G30A phosphat idylethanolamine at collapse (APE) was 0.54 nm 2 
with a collapse pressure of  44 dynes • cm 1. 

Results 

Formation of lipopolysaccharide-phosphatidylethanolamine monolayers 
In order to study the interaction between lipopolysaccharide and phos- 

phat idylethanolamine,  a film of phosphat idylethanolamine was formed on the 
surface of an aqueous subphase and lipopolysaccharide was injected into the 
subsolution. Surface pressure was recorded continuously as l ipopolysaccharide 
penetrated into the surface layer. The rate of change of surface pressure was 
dependent  upon the surface concentra t ion of phosphat idylethanolamine in the 
film, the concentra t ion of  l ipopolysaccharide in the subphase and the tempera- 
ture of  the system, as previously reported [ 5]. After a period of time, a surface 
pressure (equilibrium pressure, WE) was reached which was invariant with time 
and did not  change when the film was moved to a subphase not  containing lipo- 
polysaccharide. 

Identification of  the penetrating species as lipopolysaccharide 
Since less than 1% of the total l ipopolysaccharide in the subphase enters the 

film it was necessary to demonstrate  that  the labeled material in the film was 
indeed lipopolysaccharide and not  some minor labeled contaminant.  
Chromatography of  labeled material from an equilibrium film showed a single 
radioactive peak that  co-migrated with chemically characterized G30 lipopoly- 
saccharide. 

Fractional composition of  two-componen t films 
There are several ways of  expressing the results of experiments in which the 

final surface pressure of two-component  films is measured as a function of  
composit ion.  The most  f requent  method  is to use the initial pressure of  the 
single componen t  film as an index of  surface concentrat ion.  Such representa- 
tions, however, tend to give extra weight to conditions in which the initial 
componen t  occupies a major fraction of  the available surface area, due to the 
intrinsic shape of the isotherm. This distort ion is avoided by expressing the 
surface composi t ion in terms of  the fraction of the surface area occupied by 
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each of the components in the monolayer at equilibrium. 
The fractional surface area of phosphatidylethanolamine, apE, is defined as: 

a P E  = N p  E . Ap____EE (1) 
A T  

where NpE is the number of molecules of phosphatidylethanolamine in the 
film, ApE is the surface area per molecule of phosphatidylethanolamine at 
maximal compression (0.54 nm 2) and A T is the total area of the film (1.91 • 
10 's nm2). ape was calculated from the amount  of phosphatidylethanolamine 
on the surface (see Materials and Methods}. 

The fractional surface area of lipopolysaccharide, aLPS, is related to ae~ by 
the expression 

(~LPS = I - -  apE (2) 

This formulation presumes that the equilibrium films are in a state of maxi- 
mal compression, and that the area occupied by each molecule of phosphatidyl- 
ethanolamine in maximally compressed films containing both lipopolysaccha- 
ride and phosphatidylethanolamine is the same as in a maximally compressed 
film of pure phosphatidylethanolamine. To validate these assumptions, two 
criteria must be met. First, the final films must be at maximal compression, so 
that the total surface area is occupied by phosphatidylethanolamine and lipo- 
polysaccharide. This was demonstrated directly by showing that there was no 
further increase in pressure when the area of the films was mechanically 
decreased by means of a movable surface barrier. Second, the area occupied by 
each lipopolysaccharide molecule and each phosphatidylethanolamine molecule 
in the mixed equilibrium film must be independent of the composition of the 
film (i.e. interaction between phosphatidylethanolamine and lipopolysaccha- 
ride does not significantly alter their molecular dimensions within the plane of 
the film). Support for this assumption is given in the following section. 

Relation between film composition and ape 
If the area occupied by each lipopolysaccharide molecule and each phos- 

phatidylethanolamine molecule in the mixed film is independent of the com- 
position of the film, then the following relationship will hold for all film com- 
positions: 

AT = NpE • ApE + NLPs • ALp s (3) 

where ALp s and ApE are the areas per molecule of lipopolysaccharide and phos- 
phatidylethanolamine, respectively, and NpE and NLp s are the number of mole- 
cules of each species in the equilibrium film. Eqn. 3 predicts that  a direct rela- 
tionship exists between NLPS and apE (i.e. that  ape -- 1 = K-  NLPs, where K = 
--ALp s • A~I). 

This prediction was confirmed by directly measuring the amounts of lipo- 
polysaccharide and phosphatidylethanolamine in equilibrium films of  varying 
compositions and plotting the amount  of lipopolysaccharide as a function of 
OtpE (Fig. 2). The plot shows that  the amount  of lipopolysaccharide in the film 
was directly proportional to ape across the entire range of concentrations. This 
experimental confirmation of Eqn. 3 validates the use of ap~ (and aLPS) to 
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Fig.  2. Q u a n t i t a t i o n  of  G 3 0  l i p o p o l y s a c c h a r i d e  and  p h o s p h a t i d y l e t h a n o l a m i n e  in equ i l i b r i um fi lms.  
V a r i o u s  a m o u n t s  o f  [ 1 4 C ] p h o s p h a t i d y l e t h a n o l a m i n e  were  app l i ed  to  the  sur face  of  the  m o n o l a y e r  

a p p a r a t u s ,  A so lu t i on  of  3H- labe led  G 3 0  l i p o p o l y s a c c h a r i d e  was in j ec ted  in to  the  subphase .  A t  equi l ibr i -  

u m  (hE)  the  f i lm was  r e c o v e r e d  a f t e r  m o v i n g  it to  a clean subphase .  The  r e c o v e r e d  f i lm was c o u n t e d  and 

the  a m o u n t  o f  p h o s p h a t i d y l e t h a n o l a m i n e  and  l i p o p o l y s a c c h a r i d e  in the  f i lm was d e t e r m i n e d  f r o m  the 

k n o w n  spec i f ic  ac t iv i t i e s  as desc r ibed  in the  t ex t .  The  a m o u n t  of  l i p o p o l y s a c c h a r i d e  in the  f i lm is s h o w n  

as a f u n c t i o n  o f  the  p h o s p h a t i d y l e t h a n o l a m i n c  p r e sen t  in the  f i lm.  a p E  and  a L p  S were  ca lcu la ted  as 

d e s c r i b e d  in the  t ex t .  At  the  top  of  the  f igure  is i n d i c a t e d  the  mo la r  ra t io  of  p h o s p h a t i d y l e t h a n o l a m i n e  
to  l i p o p o l y s a c c h a r i d e  in the  f i lms.  

generate the pressure-composition diagram. (See Appendix for more extensive 
t rea tment  of  Eqn. 3). 

From Fig. 2 and Eqn. 3, the molecular area of G30 LPS (ALes) in the plane 
of  the film was calculated to  be 7.60 ± 0.80 nm 2. 

Relation o f  equilibrium pressure to film composition 
To study the relation of 7rE to surface composit ion,  phosphatidylethanol-  

amine films were formed at different  initial surface pressures, ranging from 
0 dyne • cm -1 (0 nmol phosphat idylethanolamine)  to 44 dynes • cm- 
( 5 . 8 8 n m o l  phosphat idylethanolamine) .  Lipopolysaccharide was allowed to 
penetrate  as described above and ~r E was measured after complet ion of penetra- 
tion. As shown in Fig. 3 7rE remained nearly constant  as the fraction of phos- 
phat idylethanolamine in the monolayer  was increased from 0~pE = 0 to 0~pE = 

0.55 (LPS/PE (mo l / mo l )=  1/16). At this point  (aeE = 0.55) there was an 
abrupt  increase in slope of the plot  of T" E vs. 0~pE. Above apE of  0.55 there was a 
proport ional  increase of  both parameters with ~r E approaching the surface 
pressure of  a pure film of phosphat idylethanolamine (44 dynes • cm -~) as a p E  

approached 1.0. 
As discussed in the following section, these results suggest that  a complex of 

phosphat idyle thanolamine and lipopolysaccharide with a s toichiometry of  
approx. 16 molecules of phosphat idylethanolamine per molecule of lipopoly- 
saccharide is formed within the mixed films, with the regions below and above 
ape = 0.55 representing regions of excess l ipopolysaccharide and excess phos- 
phat idylethanolamine,  respectively. 
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Discussion 

(i) Interpretation o f  the pressure vs. composition diagram 
The pressure vs. composi t ion diagram shown in Fig. 3 can be divided into 

lipopolysaccharide-rich and phosphatidylethanolamine-rich regions which differ 
markedly in their characteristics. 

In the region between O~pE = 0 and apE = 0 . 5 5 ,  where the film is lipopoly- 
saccharide rich, the curve is relatively insensitive to composit ion of the film. 
Several possibilities exist for the organization of  the film in this region. (a) 
Lipopolysaccharide and phosphatidylethanolamine may exist in separate non- 
interacting phases. This probably can be ruled out  by the observed incom- 
pressibility of  the films since a separate phosphatidylethanolamine phase could 
be further compressed at these low surface pressures [ 5]. This would lead to an 
increased surface pressure on compression of the two-phase film, a result that 
was not  observed. (b) Phosphatidylethanolamine molecules may exist in a 
complex with lipopolysaccharide molecules. The resulting LPS-PE complexes in 
turn may reside in a separate phase or may interact with uncomplexed lipo- 
polysaccharide molecules with a similar excess surface free energy to lipopoly- 
saccharide alone. Either situation is consistent with the observation that the 
7rF, of such mixtures was similar to that of lipopolysaccharide alone. The idea 
that l ipopolysaccharide and phosphatidylethanolamine are interacting in this 
lipopolysaccharide-rich domain is supported by preliminary NMR studies (data 
not  shown) which demonstrated that the spectra of  mixtures of phosphatidyl- 
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Fig.  3. M o n o l a y e r  diagram of  m i x e d  f i lms  of  G 3 0  l i p o p o l y s a c c h a r i d e  and  G 3 0 A  p h o s p h a t i d y l e t h a n o l -  
amine .  The  e q u i l i b r i u m  p re s su re ,  1rE, is s h o w n  as a f u n c t i o n  o f  the c o m p o s i t i o n  o f  the f i lm expressed  as 

the  fract ion  o f  the area o f  the  f i lm o c c u p i e d  by p h n s p h a t i d y l e t h a n o l a m i n e  (c~pE) and the  fract ion  o f  the 
area available to  l ipopo lysacchar ide  m o l e c u l e s  (aLPS) .  The  ca lcu la t ions  o f  a p e  and ~LPS are descr ibed  
in the  t ex t .  
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ethanolamine and lipopolysaccharide in this composition range (PE/LPS -" 16) 
are different than the sum of the spectra of the two individual components.  

In the region from f f P E  = 0.55 to C~p E = 1.0 (NpE/NLp s between 16 : I and oo) 
where the film is phosphatidylethanolamine rich, equilibrium pressure was a 
function of the composition of the film, suggesting simple mixing of the com- 
ponents (phosphatidylethanolamine and lipopolysaccharide-phosphatidyl- 
ethanolamine complex}. In this region, the lipopolysaccharide-phosphatidyl- 
ethanolamine complex can be viewed as a solute in a matrix of phosphatidyl- 
ethanolamine molecules. The progressive increase in 7rE, approaching 1rE for a 
pure phosphatidylethanolamine film (44 dynes - cm t) as phosphatidylethanol- 
amine/lipopolysaccharide approaches infinity, is ascribed to the increased 
number of uncomplexed phosphatidylethanolamine molecules in the film. 
Whether the mixing is ideal (i.e. interactions between phosphatidylethanol- 
amine and LPS-PE complexes are completely equivalent to interactions 
between phosphatidylethanolamine and phosphatidylethanolamine) cannot be 
determined with certainty. 

(ii) A model o f  the phosphatidylethanolamine-lipopolysaccharide in teraction 
The data shown in Fig. 3 are consistent with the following model (illustrated 

in Fig. 4). As phosphatidylethanolamine is added to a matrix of pure lipopoly- 
saccharide, a complex between phosphatidylethanolamine and lipopolysaccha- 
ride is formed. Below a phosphatidylethanolamine/lipopolysaccharide molar 
ratio of 16/1 all phosphatidylethanolamine molecules are complexed with lipo- 
polysaccharide so that lipopolysaccharide-phosphatidylethanolamine com- 
plexes and uncomplexed lipopolysaccharide are both present within the mono- 
layer. At the ratio of 16 : 1 the lipopolysaccharide-phosphatidylethanolamine 
monolayer  consists of the homogeneous complex. As more phosphatidyl- 
ethanolamine is added, the surface concentration of the complexes if 
progressively diluted until the mixed monolayer eventually approaches a pure 
phosphatidylethanolamine system. 

In the simplest model the complex can be thought  of as a molecule of lipo- 
polysaccharide surrounded by a shell of phosphatidylethanolamine molecules 
(Fig. 4c). The area of a lipopolysaccharide molecule within the film is 
7.60 nm 2 (from Fig. 2) and the area of a phosphatidylethanolamine molecule is 
0.54 nm 2 [5]. If we assume that these areas can be treated as discs within the 
plane of the membrane and, as argued earlier, that  the area of the complex is 
equal to the sum of its components,  the minimum number of phosphatidyl- 
ethanolamine molecules required to 'lipidate' a lipopolysaccharide molecule is 
15. The monolayer  studies suggest that  the stoichiometry of the putative 
complex is 16 : 1, in good agreement with this simple model. Fig. 4 shows the 
hypothetical  organization of the complex in the three regions of the composi- 
tion diagram. The data do not  indicate whether the binding of phosphatidyl- 
ethanolamine to lipopolysaccharide is cooperative (Fig. 4a) or non-cooperative 
(Fig. 5b). 

It should be noted that  the molecular surface area of lipopolysaccharide 
from S. typhimurium strain EI-1 determined previously in this laboratory [5] 
was about 2.5 nm 2, significantly smaller than that  of lipopolysaccharide from 
strain G30 reported here. We have since repeated and confirmed the results of 
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Fig .  4. M o d e l s  o f  sugges ted  organizat ion  o f  m o n o l a y e r s  in d i f ferent  regions of  the ~ E / a  diagram. See  t e x t  
for de f in i t i on  o f  a p E .  (a) 0 < C~pE < 0 . 5 5 ,  in terac t ion  b e t w e e n  p h o s p h a t i d y l e t h a n o l a m i n e  and l ipopo ly -  
saccharide  is coopera t ive ;  (b)  0 < c~pE < 0 . 5 5 ,  in terac t ion  b e t w e e n  p h o s p h a t i d y l e t h a n o l a m i n e  and l ipo-  
po lysacchar ide  is n o n - c o o p e r a t i v e ,  (c) C~pE = 0 . 5 5 ;  (d)  0 . 5 5  < a p e  < 1. 

F ig .  5. A m o u n t  o f  l ipopo lysacchr ide  in f ixed  area f i lms  as a func t ion  o f  a p E .  Relat ive  a m o u n t  o f  l i p o -  

p o l y s a c c h a x i d e  in f i lm is de f ined  as T N L P S  ( f r o m  E q n .  7)/TNLPs ( f r o m  E q n .  3) .  C u r v e  I ,  6 = 0 ;  C u r v e  I I ,  

5 = + 0 . 2  • ( A L p  s + 16 • A P E ) ;  C u r v e  I I I ,  5 = - - 0 . 2  • ( A L p  S + 16 • A P E ) .  

the EI-1 lipopolysaccharide experiments. This discrepancy may be explained by 
the fact that the lipopolysaccharide of  strain EI-1 terminates in heptose when 
grown in the absence of  glucose whereas the G30 lipopolysaccharide used in 
the present study terminates in glucose (see Fig. 1). The radioactive EI-1 lipo- 
polysaccharide used for quantitation of  surface concentration in the previous 
studies was prepared by growth of  the organism in [3H]glucose and contained 
a mixture of  lipopolysaccharide molecules, some terminating in heptose and 
some in [3H]glucose. Since different species of  lipopolysaccharide enter the 
monolayer at different rates it is possible that the specific activity of  lipopoly- 
saccharide within the film was not  the same as the specific activity of  the lipo- 
polysaccharide mixture injected into the subphase, resulting in an error in 
calculation of  the number of  mol of  EI-1 lipopolysaccharide in the film. The 
possibility also has not  been excluded that the surface areas of  EI-1 and G30 
lipopolysaccharide truly differ. In either case, since the labeled G30 lipopoly- 
saccharide used in the present experiments was grown, labeled, and purified 
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ident ical ly to the unlabeled G30 l ipopolysacchar ide  and since the a m o u n t  of  
G30  l ipopolysacchar ide  found  in the films was insensitive to  i so tope  di lut ion,  
we feel tha t  the molecu la r  areas r epo r t ed  in this s tudy  are valid. 

What  re la t ionship  the puta t ive  complex  has to  the active species in the 
g lycosyl t ransferase  react ions  remains to  be established. It is of  interest  tha t  the  
phospha t i dy l e thano l amine / l i popo lysaeeha r ide  molar  ra t io  giving maximal  
e n z y m e  activities in the t ransferase system is approx .  50 : 1 (refs. 13--15,  and 
Fried,  V.A. and Rothf ie ld ,  L.I., unpubl i shed  data).  This is significantly greater  
than  the 16 : 1 rat io necessary to  form the l ipopolysaechar ide-phospha t idy l -  
e thano lamine  complex .  It is possible tha t  the l ipopolysacchar ide-phospha t idy l -  
e thano lamine  s t ruc tu re  is a l tered by the presence  of  Mg 2+ and transferase 
enzymes  in the  u l t imate  func t iona l  complex .  On the o the r  hand,  it is possible 
tha t  the p h o s p h a t i d y l e t h a n o l a m i n e  in excess o f  tha t  necessary to  form lipo- 
po lysaccha r ide -phospha t idy le thano lamine  comp lex  reflects a r eq u i r em en t  for  
a fluid phospho l ip id  mat r ix  in which enzymes  and co m p lex  can diffuse freely 
to  max imize  the  tu rnove r  n u m b e r  of  the react ion.  

A p p e n d i x  

Reexaminat ion o f  assumptions implicit in Eqn. 3 
Eqn. 3 was der ived on  the assumpt ion  the l imit ing areas o f  the individual 

c o m p o n e n t s  were una f f ec t ed  by  thei r  in te rac t ion  in the mixed  film. Since we 
are n o w  pos tu la t ing  the  exis tence  o f  a comp lex  o f  l ipopolysacchar ide  and phos- 
pha t idy l e thano lamine ,  it is possible to  derive a new express ion  tha t  accounts  
for  the  c o n t r i b u t i o n  o f  the c o m p l e x  to  the to ta l  area of  the  film and examine  
what  e f fec t  this cou ld  have on  the in t e rp re t a t ion  o f  the s t o i ch io m e t ry  shown in 
Fig. 3. The  c o m p l e t e  descr ip t ion  of  this s i tuat ion is 

AT = ALp s • NLp s + Ap E • NpE + A c • N c (4) 

where  A T is the total  area o f  the  film, ALPS, ApE , and Ac are the  molecu la r  
areas of  pure  l ipopolysacchar ide ,  pure  p h o s p h a t i d y l e t h a n o l a m i n e  and complex ,  
respect ively,  at  maximal  compress ion ,  and NLPS, NpE and N c are the  n u m b e r  o f  
molecules  o f  each species present  in the film. 

It  is conven ien t  to  def ine  

TNLp S = NLPS + N C (5) 

T N p  E = NpE + qN c (6) 

where  TNLPs and TNeE are to ta l  n u m b e r  o f  molecules  o f  l ipopolysacchar ide  and 
phospha t idy l e thano lamine ,  respect ively,  in the  film, and q is the n u m b e r  of  
molecules  o f  p h o s p h a t i d y l e t h a n o l a m i n e  associated with each molecu le  o f  lipo- 
po lysacehar ide  wi thin  the  complex .  Rearranging Eqns. 5 and 6 so tha t  NLPS 
and NeE are expressed as a func t ion  of  TN and N c and subs t i tu t ing  in to  Eqn.  4, 
we can derive the new express ion,  

AT = TNLp s " ALp s + T N p  E • ApE + N c • 5 (7) 

where  5 is the  d i f fe rence  be tween  the  area of  the  c o m p l e x  and the  area o f  the  
sum of  its individual  parts  (Ac --  (ALvs + q " APE)). 



81 

Three cases are possible. These are plotted in Fig. 5 and discussed in the fol- 
lowing paragraphs. 

(I) The area of the lipopolysaccharide-phosphatidylethanolamine complex is 
equal to the s u m  of the individual areas of its components.  Here 5 = 0 and 
Eqn. 7 reduces to Eqn. 3, 

A T = TNLPS • A L p  s + TNp E • A p E  (3) 

This relationship satisfies the experimental result shown in Fig. 2, in that  the 
quanti ty of lipopolysaccharide in the film is directly proportional to the space 
available (i.e. the space not  occupied by phosphatidylethanolamine molecules) 
both in the presence and absence of phosphatidylethanolamine. 

(II) The area of the complex is greater than the sum of the area of its com- 
ponents. Here 5 > 0 and A T = TNLPS " ALp s + T N p  E • ApE + [6] " Nc- Since A T 

is constant  and since in the experiments TNp E is the independent variable, the 
amount  of lipopolysaccharide in the film would be less than that  predicted by 
the space available. 

(III) The area of the complex is less than the sum of the areas of its separate 
components.  Here 5 < 0 and A T = TNLPs " ALp s + T N p  E " ApE -- [5] • N c. By 
analogy to case II, more lipopolysaccharide would be found in the film than 
predicted on the basis of the area not  occupied by phosphatidylethanolamine 
molecules. 

In Fig. 5, curves II and III represent the results predicted from a 20% 
increase or decrease in the relative area of the complex (A c). 

Although the data in Fig. 2 cannot rule out  minor departures from a linear 
relationship, inspection of Figs. 2 and 5 indicates that  it is unlikely that  the 
complex could have an area different from the sum of its components by 
greater than ±10%. Thus, it is reasonable to accept the relationship expressed 
in Eqn. 3 and to conclude that  the interactions between lipopolysaccharide and 
phosphatidylethanolamine which lead to formation of a complex do not  lead 
to a major change in the dimensions of the individual components  within the 
plane of the film. 
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