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Summary 

The hypothesis that  intramembraneous particles, observed in the outer mem- 
brane of Escherichia coli by freeze-fracture electron microscopy, are the 
morphological representation of aqueous pores, was tested. A mutan t  which is 
deficient in five major outer membrane proteins, b, c, d, e and the phage 
receptor protein, contains a largely decreased number of intramembraneous 
particles and also shows a greatly decreased rate of  uptake of several solutes. In 
derivatives of  this strain which contain only one of  these proteins in large 
amounts a strong decrease of  the number of  intramembraneous particles is 
observed, which is accompanied by a complete restoration of the rate of uptake 
of those solutes which use pores in which the protein in question is involved. 
The results provide strong evidence for the notion that  an individual pore con- 
tains only one protein species, a property which has been found earlier for 
individual particles. The observed correlation between particles and aqueous 
pores strongly supports the hypothesis that  the particles are the morphological 
representation of pores. Implications of  this hypothesis for the structure of the 
particles are discussed. 

Introduct ion 

The outer  membrane of  Gram-negative bacteria contains proteins, phospho- 
lipids and lipopolysaccharide. From the various nomenclature systems, which 
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are in use for the major outer membrane proteins of  Escheriehia coli K12, we 
shall use the one of Lugtenberg et al. [1]. The major proteins synthesized by 
E. coli K12 during growth in various media include the proteins b, c, d and the 
lipoprotein, and, under special conditions, protein e and the receptor protein of 
bacteriophage ~ [2--7]. 

Extensive electron microscopic investigations on the outer membrane of E. 
coli [7--12] have revealed that  the concave or outer fracture face of the outer 
membrane (OM) is densely covered with particles with a diameter of 4--10 nm. 
On the corresponding convex or inner fracture face of the outer membrane 
(OM) many pits are visible which are complementary to the particles [9,13] 
and are thought  to be due to the fact that  lipopolysaccharide is a basic struc- 
tural component  of the particles [7,9--11,13]. Recently strong evidence was 
provided for the idea that  the majority of the outer membrane particles of 
wild-type cells consists of subpopulations of  b-lipopolysaccharide, c-lipopoly- 
saccharide and d-lipopolysaccharide particles whereas e-lipopolysaccharide and 
phage ~ receptor protein-lipopolysaccharide particles can be present in the 
membrane under special conditions [7]. These OM particles are possibly the 
morphological representations of hydrophilic pores [ 7 ]. 

Hydrophilic solutes with a molecular weight of  up to about 700 pass the 
outer membrane through aqueous pores by a diffusion-like process in which 
proteins are involved [5,6,14--21]. The receptor protein of bacteriophage ~ is 
involved in the permeation of maltose [22,23]. Proteins b, c and e are involved 
in the functioning of general aqueous pores, through which several unrelated 
solutes like ions, amino acids, sugars, nucleotides and antibiotics can permeate 
[5,6,18--21,24,25]. However, some 'specificity' exists among these general 
pores as 5'-adenosine monophosphate  (5'-AMP) and related compounds can use 
the b- and e-pores but not, or much less efficient, the c-pore [5]. Similarly, 
fi-lactam antibiotics can use the b- and c-pores but hardly, if at all, the e-pores 
[21]. Although results of one laboratory [26] suggest that  protein d is involved 
in the uptake of glutamic acid and proline, later work in two other laboratories 
[6,25] contradict  this suggestion. Protein d might be involved in the permea- 
tion of colicin L-JF246 or part of it [27]. So, pore functions have been 
established for at least four of  the five proteins which are known to be involved 
in outer membrane particles [ 7 ]. 

In this paper we describe experiments designated to investigate the proposed 
correlation between aqueous pores and outer membrane particles. The freeze- 
fracture morphology and the permeability properties of mutants  lacking all five 
mentioned proteins are compared with the properties of several mutant  deriva- 
tives, each of which contains large amounts of only one of  these proteins. 

Materials and Methods 

Strains and growth conditions. All strains used are derivatives of E. coli K12. 
Their origins and relevant characteristics are listed in Table I. Plasmid R1, 
coding for a very active periplasmic fi-lactamase, was introduced into strain 
ABl133 and its derivatives by conjugation [30]. Cells were grown in yeast 
broth which had the composition described previously [2] except that  it con- 
rained 135 mM NaC1 instead of 85 raM. This higher NaCI concentration was 
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required to suppress the synthesis of substantial amounts of protein b [31] 
which are produced by strain P692tut2dI during growth in standard yeast 
broth medium. If the presence of the phage X receptor protein was required, 
the medium was supplemented with 0.5% maltose. Cells were grown at 37°C 
under vigorous aeration and harvested at the end of the logarithmic growth 
phase. 

Freeze-fracture electron microscopy. Cells were washed with 0.9% NaC1 and 
resuspended in 0.9% NaC1 to which 30% glycerol was added as a cryoprotec- 
tant. Samples were quenched from 0°C in a mixture of liquid and solid nitrogen 
and fractured in a Denton freeze-etch apparatus as described before [32]. Elec- 
tron micrographs were made with a Philips 301 electron microscope. The 
number of particles/unit cell surface was estimated as described previously 
[91. 

Uptake of 5'-AMP. The rate of uptake of 3H-labeled 5'-AMP was measured 
according to the modified [5] procedure of Beacham et al. [19]. Permeation of 
the outer membrane is the rate-limiting step under these conditions [ 5 ]. 

Uptake of maltose. The procedure is based on the one described by Szmelc- 
man and Hofnung [22]. Cells were washed at 4°C with minimal medium salt 
solution [2] supplemented with chloramphenicol (40 ttg/ml final concentra- 
tion) and resuspended in the same solution to an A660n~ value of 0.60. After 
preincubation of 2.0 ml of the suspension for 15 min at 37°C under gentle 
shaking, uptake was started by the addition of 100 ~ 240 ttM [U-~4C]maltose 
(8 Ci/mol} (The Radiochemical Centre, Amersham, U.K.}. Samples (200 ttl) 
were taken at various times during 3 min, filtered immediately (Millipore S.A., 
Molsheim, France, Type HA, diameter 0.45 tLm) and washed twice with 5 ml of 
prewarmed minimal medium salt solution. After drying, the radioactivity on 
the filter was determined by liquid scintillation counting. 

Assay of~-lactamase (EC 3.5.2.6). The rate of hydrolysis of cephaloridine by 
intact cells and the total fi-lactamase activity, the latter measured in suspensions 
of spheroplasts, were determined as described previously [21]. Spheroplasts 
were prepared by the procedure of Osborn et al. [33], modified as described 
previously [34]. Under these conditions the rate of hydrolysis reflects the rate 
of permeation of cephaloridine through the outer membrane [34]. 

Assay of 5'-nucleotidase (uridine diphosphate-sugar hydrolase) (EC 3.1.3.5). 
The activity of 5'-nucleotidase was determined according to a modification [5] 
of the procedure of Nossal and Heppel [35]. 

Isolation and characterization of cell envelopes. After ultrasonic desintegra- 
tion of cells, cell envelopes were isolated by differential centrifugation [ 1 ]. The 
protein patterns of cell envelopes were analyzed by sodium dodecyl sulphate 
gel electrophoresis [1 ]. Protein bands are indicated by their molecular weights 
multiplied by 10 -3 and followed by the letter k. 

Results 

Characteristics of the bacterial strains 
The correlation between individual pore functions and intramembraneous 

particles was investigated for cells of the wild-type strain ABl133 (b÷c*d÷), cells 
of various mutant strains containing large amounts of only one of the proteins 
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b, c, d, e and the X receptor proteins and cells of  the b-c-d- strain P692tut2dI 
which is deficient in all five mentioned proteins since protein e is not  produced 
by this strain and the receptor protein of  phage X is only induced by the 
presence of  maltose in the growth medium (Table I). Derivatives of  this strain 
which possess only one of  the protein b, c and d in large amounts  have been 
described [7] .  P692tut2dI cells containing large amounts  of  the X receptor 
protein were obtained by supplementation of  the growth medium with 
maltose. As a protein e ÷ strain was not  present in an A B l 1 3 3  background, the 
effect of  the presence of  protein e was studied with strain PC0479 and its 
derivatives (Table I). In order to be able to measure the rate of  permeation of  
~-lactam antibiotics through the outer membrane, plasmid R1 was introduced 
in some strains (Table I). 

Cell envelopes were prepared of  cells from the same suspensions which were 
used for freeze-fracture studies and uptake experiments. The polyacrylamide 
gel electrophoresis patterns of  cell envelope proteins of  the strains is shown in 
Fig. 1. Compared with the parental strains AB1133(R1)  (Fig. 1A) and PC0479 
(Fig. 1G) the mutants P692tut2dI(R1) (Fig. 1C) and C E l 1 4 5  (Fig. l I )  are 
deficient in protein b, c and d. The presence of  maltose in the growth medium 
results in the appearance of  a 50k protein, the X receptor protein (Figs. 1B and 
1F). The b ÷ revertant (Fig. 1D), the c ÷ revertant (Fig. 1E) and the e÷b-c-d - 
derivative of  strain PC0479 contain large amounts  of  proteins b, c and e, 
respectively. In addition to the differences in major outer membrane proteins, 
small differences in the amounts  of  some unidentified minor proteins can be 
observed (Fig. 1). 

T A B L E  I 

S T R A I N S  A N D  R E L E V A N T  C H A R A C T E R I S T I C S  

For  the  strains p lasmid  R 1  was  i n t r o d u c e d  b y  conjugat ion .  

Strain Origin Major o u t e r  
m e m b r a n e  prote in  
abnormal i t i e s  

Source ,  r e f erence  

A B 1 1 3 3 ( R 1 )  N o n e  (wi ld  t y p e )  
P692tu t2dI (R1)  d -  derivative o f  b - c - d -  

a b - c -  m u t a n t  
o f  A B l 1 3 3  

C E 1 0 9 6 ( R 1 )  S p o n t a n e o u s  b ++  b + + c - d  - [ 7 ]  
revertant  o f  
P692 tu t2d l  

C E l l S 0 ( R 1 )  S p o n t a n e o u s  c ++  b - c + + d  - [ 7 ]  
revertant  o f  
P692tu t2dI  

P C 0 4 7 9  N o n e  PC  * 
C E l 1 4 5  d -  derivat ive  o f  b - c - d -  [ 5 ,  7 ]  

a b - c -  m u t a n t  
o f  P C 0 4 7 9  

C E l 1 4 6  d -  derivative o f  e + b - c - d  - [ 6 , 7 ]  
C E l 1 0 8 ,  a n  e + 
derivat ive  o f  
C E l l 0 7  

P. Reev es ,  and R e f .  28  

U.  Henning,  and Refs .  9,  12  a n d  29  

* P C ,  Phabagen C o l l e c t i o n ,  c / o  Miss H . S .  F e l i x ,  D e p a r t m e n t  o f  Molecula~  Cell B io logy ,  State  Univers i ty ,  
Padualaan 8,  3 5 8 4  C H  U t r e c h t ,  The  Nether lands .  
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Fig. 1. S D S - p o l y a c r y l a m i d e  gel e l ec t rophores i s  of  p ro te ins  of  cell enve lopes  of  the  pa ren t a l  s t rain 
A B l 1 3 3 ( R 1 ) ,  g r o w n  in the  absence  (A)  and  in the  p resence  (B) of  ma l tose ,  the  b - c - d -  s train P692tut2dI- 
(R1)  g r o w n  in the  absence  (C) a nd  p resence  (F)  of  ma l tose ,  the  b ÷ r e v e r t a n t  s t ra in  C E 1 0 9 6 ( R 1 )  (D),  the  
c + r e v e r t a n t  s t ra in  CE l 1 5 0 ( R 1 )  (E) ,  the  pa ren ta l  s t rain PC0479  (G),  its b - c - d -  m u t a n t  CE 1 1 4 5  (H)  an d  
e ' b - c - d -  der iva t ive  C E l 1 4 6  (I).  The  pos i t ions  of  the  r e l evan t  p ro te ins  are  i nd i ca t ed  at  the  r ight ,  those  of  
mo lecu l a r  we igh t  s t anda rd  p ro te ins  at  the  left .  A p ro t e in  b a n d  just  b e lo w  the  ~ r e c e p t o r  p ro t e in  appears  
as a resul t  of  g r o w t h  in the  p resence  of  ma l t o s e  (see for  ins tance  lane F).  This P ro te in  is un re l a t ed  to  the  k 
r e c e p t o r  p ro t e in  as the  f o r m e r  p ro t e in  in con t r a s t  to  the  la t te r  one  is n o t  pep t idog lycan -a s soc i a t ed  and  is 
p resen t  in lamB derivat ives .  

Freeze-fracture morphology of  the outer membrane 
Although relatively few cleavage planes are observed through the outer  mem- 

brane of  wild-type cells in comparison to the inner membrane (see also Refs. 8, 
10 and 12), it is clear that  the OM of  these cells is covered with particles 
(Fig. 2A). The outer  membranes of  strain ABl133(R1) ,  grown with or wi thout  
maltose, and of  strain PC0479 had the same morphological appearance. A 
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Fig. 2. O u t e r  f rac tu re  faces of  the  ou t e r  m e m b r a n e  ( ~ M )  of cells of  pa ren ta l  s t ra in  A B l 1 3 3 ( R 1 )  
(b+c+d+e-krec -)  (A),  its b - c - d - e - ~ . r e c -  der iva t ive  P692tu t2dI (R1)  (B) and the  p ro t e in  b + der iva t ive  of  the 
la t te r  m u t a n t ,  s t rain C E 1 0 9 6 ( R 1 )  (C). The  bar  r ep resen t s  200 n m .  The a r rows  ind ica te  the d i rec t ion  of  
shadowing .  

reduction in the number  of  OM particles of  approximately 60% was observed in 
strains P693tut2dI(R!) (Fig. 2B) and CEl145 ,  both  of  which lack all five 
studied proteins. When either protein b (strain CE1096(R1)) ,  protein c (strain 
C E l l 5 0 ( R 1 ) ) ,  protein d (not shown), protein e (strain CEl146)  or the 
receptor  protein were introduced in such a particle-poor background, the 
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number o f  O-M particles increased from 40% to 70---100% of  the value observed 
for the wild-type strains, somewhat  depending on the protein present (Table 
II). Some variation in the particle density was observed, as was reported earlier 
[7 ,9] .  Fig. 2C shows a representative example of  strain CE1096(R1) .  Com- 
pared with a previous publication, in which the plasmid-less cells were grown in 
another medium [7] ,  we now observed a slightly less extreme reduction in the 
number of  OM particles in strain P692tut2dI(R1) and a higher number of  
particles in the R1 strains which contain one of  the major proteins. These dif- 
ferences were found to be due to the growth medium and not  to the presence 
of  the plasmid (not shown).  As observed earlier [7 ,9 ,13] ,  also in the present 
experiments a decrease or increase in the number of  OM particles was accom- 
panied by a corresponding change in the number of  OM pits [7 ,9 ,13] .  

Pore properties of the strains 
Comparison of~ the rates of  5'-AMP uptake of  strain AB1133(R1)  and 

P692tut2dI(R1) showed that the rate of  uptake is considerably lower for the 
mutant  strain (Table II). The rate of  uptake of  5'-AMP by cells of  strain 
CE1096(R1) ,  which possesses protein b as the only major outer membrane 
protein, is even higher than that of  A B l 1 3 3 ( R 1 )  cells. Comparison of  the rate 
of  5'-AMP uptake by strains PC0479,  C E l 1 4 5  and C E l 1 4 6  shows that when 
protein e is present as the only major outer membrane protein, the rate of  
uptake is almost restored to the wild-type level, which is even better than the 
stimulation by protein e in a b-c -d  + background measured earlier [5].  This 

T A B L E  II  

P O R E  P R O P E R T I E S  A N D  N U M B E R  O F  O U T E R  M E M B R A N E  P A R T I C L E S  O F  V A R I O U S  O U T E R  
M E M B R A N E  P R O T E I N  M U T A N T S  

The values are expressed as percentages relative to values found for the corresponding parental strains 

(data in italics). The absolute values measured for uptake of 5'-AMP, maltose and cephaloridine by cells of 

the parental strains were approximately 0.04, 1.7 and 360 nmol/min per mg dry weight cells. All values 

are the average of at least three determinations. The largest deviation from the given values for the uptake 

for 5'-AMP and maltose was 13% of the indicated value. Higher values were much more accurate. The 

accuracy of the rate of hydrolysis of cephaloridine was within 5%. In freeze-fracture experiments the 

number of particles/unit cell surface was estimated from at least 20 different cells of each strain. In some 

mutants the measured values vary considerably from cell to cell, even in one batch of cells. Therefore a 

range is given for the number of O'~M particles, n.d., not determined. 

Strain Major outer  Relat ive  rate of  u p t a k e  o f  Relative rate Particle 
membrane  of  hydro lys i s  densi ty  at 
nrote in(s)  5'-AMP Maltose of  c e pha lo r i d ine  O~M 
present  

AB1133(R1) b, c, d I00 8 I00 I00 

AB1133(R1) * b, c, d, k rec n.d. I00 68 I00 
P692tu t2dI(R 1) none 18 8 27 40 

C E 1 0 9 6 ( R 1 )  b 135  8 132 7 0 - - 9 0  

C E l l  5 0 ( R 1 )  c 39  n .d .  92 8 0 - - 1 0 0  
P 6 9 2 t u t 2 d I ( R 1 )  * k rec  n .d .  102 18 70---00 

P C 0 4 7 9  b, c, d 100 n.d .  n .d .  100  
C E 1 1 4 5  n o n e  37 n .d .  n .d .  4 0 - - 5 0  

C E 1 1 4 6  e 86 n .d .  n.d.  7 0 - - 9 0  

* T h e  k receptor  prote in  (k rec)  was  i n d u c e d  by  growing the cells in yeast  broth  supp lemented  with  0.5% 
maltose .  
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result as well as the high rate of  5'-AMP uptake in strain CE1096(R1)  is 
probably caused by the very high levels of  proteins e and b in strains CEl146  
and CE1096(R1),  respectively. Strain C E l l 5 0 ( R 1 ) ,  which produces protein c, 
a protein which seemed not  to be involved in the uptake of  5'-AMP [5], was 
tested as an aspecific control in order to check whether  the presence of  high 
amounts  of  an arbitrary 5'-AMP nonspecific pore protein in the outer  mem- 
brane would not  result in an increased rate of  uptake. The result (Table II) 
shows that the rate of uptake of 5'-AMP by cells of  strain C E l l b 0 ( R 1 )  is signif- 
icantly higher than that of cells of  strain P692tut2dI(R1). This increase can be 
explained by  the substantial amounts  of  protein b present in strain 
CE1150(R1)  (see Fig. 1E). Therefore the contr ibut ion of  protein c in the 
uptake of  5'-AMP is probably negligible. 

The rate of  maltose uptake is strongly stimulated in cells grown in the 
presence of  maltose (Table II), which results in derepression of  the maltose 
transport  system, including a 50k outer  membrane protein which is the 
receptor  for phage ~ (Fig. 1B and Refs. 5, 21 and 36). As mutants  deleted in 
the lamB gene incorporate maltose under the used conditions with a very low 
rate (Ref. 22 and unpublished observations), the results of  Table II show that 
the ~ receptor  protein in the absence of  proteins b, d and e functions as a 
perfect  pore for maltose. The presence of  protein b, tested as an arbitrary pore 
protein, does no t  stimulate the rate of  maltose incorporation (strain 
CE1096(R1)) .  

The rate of  hydrolysis of  cephaloridine by cells of  strain P692tut2dI(R1)i~ 
low compared with that  by  cells of  strain A B l 1 3 3 ( R 1 )  (Table II). The presence 
of  either protein b or protein c as the only major protein in the outer  mem- 
brane strongly stimulates the rate of  cephaloridine hydrolysis. Consistent with 
earlier observations [5] the presence of  protein b is more effective than that of  
protein c. The presence of  the X receptor  protein as an arbitrary pore protein 
(strain P692tut2dI(R1) grown in yeast  broth supplemented with maltose) is 
accompanied by a rate of hydrolysis of  cephaloridine which is even lower than 
in cells of  strain P692tut2dI in which the ~ receptor  was not  induced. This low 
rate of  hydrolysis is probably due to catabolite repression caused by the 
presence of  maltose as the specific activity of  fl-lactamase (and also of  
5'-nucleotidase) decreased by 25--45% when this sugar was present in the 
growth medium (Table II). 

All strains grew with the same rate before and after the uptake experiments, 
showing that  cell death cannot  be responsible for low rates of  uptake. Leakage 
of  5'-nucleotidase or ~-lactamase was not  significant, indicating that extra- 
cellular conversion of  5'-AMP and cephaloridine, respectively, could not  
influence the uptake. The activities of  these enzymes, expressed per mg dry 
weight cells, were the same for all strains (except  when grown in medium sup- 
plemented with maltose), indicating that differences in rates of  hydrolysis of  
5'-AMP or cephaloridine are due to differences in the permeability of  the outer  
membrane.  

Discussion 

The results of  our freeze-fracture experiments show that the ' introduction'  
of  a major protein in a particle-poor background (b -c -d -e -~rec -  cells) results in 
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a considerable increase in the number  of  O-M particles/unit cell surface (Table II 
and Fig. 2). This correlation was observed earlier under slightly different condi- 
tions [7].  Moreover, a greatly enhanced pore activity was observed after 'intro- 
duct ion '  of  a pore protein in the b-c-d-e-}~rec- background (Table II). Various 
mutants  which contain only one protein species of  the five proteins under 
s tudy overproduce this protein in the absence of  the other  major proteins 
(Fig. 1 and text),  a phenomenon observed previously in outer  membrane pro- 
tein mutants  [2,29,31,37,38].  This phenomenon probably explains why in 
some mutants  the particle density approaches the density of  wild-type cells. 

The overproduction probably is the reason why the pore activity of  such 
mutants  for certain solutes is higher than the corresponding activity of  wild- 
type  cells (compare for instance the rates of  uptake of  strains AB1133(R1)  and 
CE1096(R1)  for 5'-AMP and cephaloridine in Table II. The results presented in 
Table II indicate that  the individual pore proteins in the absence of  four other 
major proteins function normally. If individual pores contained two or more of  
these protein species one would expect  that the pore activity in a mutant  which 
contains only one of  these proteins would not  exceed that of  cells lacking all 
proteins under study. The results therefore most  likely exclude the possibility 
of  a substantial contr ibut ion of  hypothetical  mixed pores to the total pore 
activity for the used solutes. Our results are consistent with the notion that a 
single pore contains only one major protein species. The results of  uptake 
experiments with single mutants  are also best explained by this hypothesis 
[5,21].  Also recent results of  experiments which demonstrate the function of  
purified single pore protein species in vitro suggest that  it is more likely that  a 
single pore contains only one protein species instead of  being more complex 
since under certain conditions the rate of  permeation of  glucose through the 
b-pore in vitro is in the same order of  magnitude as the rate measured in whole 
cells [39].  Moreover Palva and Randall showed that proteins b, c and d can be 
cross-linked to themselves, but  not  to each other, which makes the occurrence 
of  mixed pores very unlikely [40].  The presence of  minor proteins in these 
major outer  membrane protein pores is unlikely for reasons of  s toichiometry 
but  our results do not  exclude the possibility that the only major protein which 
is present in amounts  comparable with the proteins studied, the l ipoprotein 
[3],  is involved in the functioning of  at least one of  these types of  pores. Also 
this possibility seems not  very likely as lipoprotein-deficient mutants  function 
well in the uptake of  6-amjnopenicillanic acid [41] and of  5'-AMP (unpub- 
lished results). Moreover, OM particles can also be introduced by Ca 2+ [7]. It is 
of  interest to note  that  these particles (which probably do not  contain protein) 
are inactive as pores for 5'-AMP (unpublished results) supporting the notion 
that the presence of  a protein is a prerequisite for pore activity. 

In conclusion, the combined results of  freeze-fracturing experiments and 
uptake studies show that the ' introduct ion '  of  one of  the proteins b, c, e or the 
phage X receptor  protein into a b - c ' d - e - h r e c  - background is accompanied by 
a strong increase in the amount  of  the individual protein, in the number  of  O'TVI 
particles and in the permeabili ty of  the outer  membrane for a specific solute. 
These results provide strong support  (but  no proof)  for our hypothesis  that  
particles containing protein are the morphological representations of  aqueous 
pores. It is very likely that  the outer  membrane of  wild-type cells contains sub- 
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Fig. 3. Schem a t i c  r e p r e s e n t a t i o n  of  a t ransversa l  sec t ion  of  an ~ M  par t ic le  wi th  co r r e sp o n d in g  ~ pit. 
Thfs f igure shows  only  the  wedge - shaped  o rgan iza t ion  of  l i popo lysaccha r ide  molecu les  in O~M part icles  
and  the i r  e m b e d d i n g  in the  lipid r~atr ix due  to a p r o p o s e d  in t e rac t ion  wi th  d iva lent  cat ions,  p ro t e in  a n d /  
or po l yam i nes .  Prote in  has n o t  b e e n  inc luded  in this  f igure.  For  exp lana t ion  see t ex t .  

populations of b-, c- and e-pores and, when maltose is present in the growth 
medium, also of ~ receptor protein pores, all being represented by particles. 

It was argued that aggregates of lipopolysaccharide molecules are the struc- 
tural basis of the morphological appearance of freeze-fracture particles [7,9]. 
A schematic drawing of this idea is presented in Fig. 3. We propose that in a 
particle neighbouring lipopolysaccharide molecules are organized in a wedge- 
shaped structure with a relatively more bulky apolar than polar part as a result 
of charge neutralization of the negatively charged phosphate and/or 3-deoxy- 
D-manno-octulosonic acid residues [42,43], thereby creating hemi-micelles 
(OM particles) in the outer monolayer. In a b-c-d- mutant such lipopoly- 
saccharide particles can be induced by Ca 2÷, except in heptoseless strains which 
lack some phosphate residues [7]. In wild-type cells proteins, divalent cations 
and/or polyamines can be responsible for the charge neutralization thereby 
creating hemi-micelles in which the pore protein is located, although it is not 
necessary that the protein is visible in the particles [44]. The hemi-micelles 
make impressions in the inner monolayer (OM pits}, complementary to the O'~M 
particles. Cleavage would take place between the two monolayers. There is 
some evidence that lipopolysaccharide plays not only a role in the morphologi- 
cal appearance of OM particles but also in the functioning of pores as protein 
preparations of Enterobacteriaceae which have been used for the in vitro 
demonstration of pore activity all contain lipopolysaccharide [15,16,40]. 
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