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Summary. Various Escherichia coli strains differ in 
the composition of their major outer membrane 
proteins. However, all E. coli K12 strains tested pos- 
sess the same major outer membrane proteins a, b, 
c and d, although quantitative differences were 
detected. 

The influence of growth conditions on the compo- 
sition of the major outer membrane proteins of E. 
coli was analyzed. It was found that neither the 
growth phase at which the cells are harvested, nor 
the fatty acid composition of the phospholipids has 
a considerable influence on the composition of these 
proteins. However, the composition of the growth 
medium, and, to a less extent, the growth tempera- 
ture, have a pronounced influence. 

Certain mutants, changed in the composition of 
their lipopolysaccharide, are deficient in protein b. 
Also mutants deficient in protein c and d respectively, 
are described. 

Proteins b and c of E. coli K12 were found to 
be associated with peptidoglycan. Protein bands, cor- 
responding with flagellin and pilin respectively, were 
identified. 

Introduction 

In addition to a cytoplasmic membrane Enterobacter- 
iaceae possess an outer membrane (Schnaitman, 
1970b; Osborn et al., 1972). The outer and cytoplas- 
mic membranes contain about 60 and 40% respective- 
ly of the total envelope protein (Schnaitman, 1970b; 
Osbom et al., 1972). Using SDS (sodium dodecyl sul- 
phate) polyacrylamide gel electrophoresis, Schnait- 
man (1970b) showed that the outer membrane of 

* Present  address:  Downstate Medical Center, 450 Clarkson 
Avenue, Brooklyn, N.Y. 1 t203, USA 

Escherichia coli contains a major protein with a mo- 
lecular weight of 44,000 daltons, which accounts for 
70% of the total protein of the outer membrane, 
and therefore was designated as the "major outer 
membrane protein". Afterwards it was shown that 
this "major outer membrane protein" of E. coli strain 
J5 could be separated into three bands designated 
as proteins 1, 2 and 3 (Schnaitman, 1974a). E. coli 
K12 strains are lacking protein2 (Schnaitman, 
1974b). Recently Schnaitman et al. (1975) reported 
that the presence of protein 2 in some strains of E. 
coli is a consequence of lysogenization with phage 
PA-2. Recently we developed an improved gel electro- 
phoresis system that allows the resolution of the "ma- 
jor outer membrane protein" of E. coli KI2 into four 
bands, a, b, c and d with apparent molecular weights 
of 40, 38.5, 38 and 36 K (Lugtenberg et al., 1975). 
The relation between band a and outer membrane 
protein bands observed in other gel electrophoresis 
systems is not clear. Both band 1 (Schnaitman, 1974a) 
and band I (Henning et al., 1973) correspond with 
bands b plus c. Recently Hindennach and Henning 
(1975) reported that by using the system of Laemmli 
(1970) band I can be resolved in two bands Ia and 
Ib. From infonnation exchanged between Henning 
and us it could be concluded that band Ia is identical 
to band b while band I b is identical to band c. In 
a previous communication (Lugtenberg et al., 1975) 
it was concluded that band d corresponds with 
bands II* (Henning et al., 1973) and 3 (Schnaitman, 
1974a). It has been reported that band 3 consists of 
two polypeptides in both E. coli strain J5 (Schnait- 
man, 1974a) and strain KI2 (Schnaitman, 1974b). 
However, Garten et al. (1975) provided strong evi- 
dence that protein II* is a single polypeptide in E. 
coli strains K12 and B. 

Using the system of Lugtenberg et al. (1975) we 
studied the influence of a number of cultural condi- 
tions and mutations on the relative amounts of the 
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cell envelope proteins of this organism. The results 
of this study are presented in this paper. 

Materials and Methods 

Strains and Cultural Conditions. The bacterial strains used in this 
study are listed in Table 1. Except where noted, cells were grown 
in yeast broth under vigorous aeration at 37°C and harvested 
at the late exponential growth phase. In some experiments ceils 
were grown in tryptone broth, brain heart medium or in minimal 
medium with 0.5% glucose or glycerol as the carbon source. The 
composition of the media (per liter) is as follows. (a) Yeast broth: 
Na2HPO4' 2 HzO, 1 g; NaC1, 5 g; peptone, 10 g; and yeast extract, 
7 g. The pH was adjusted to 7.3 with NaOH. (b) tryptone broth: 
tryptone, 5 g; yeast extract, 5 g; and NaCI, 5 g. Final pH 7.15. 
(c) Brain heart medium: calf brains, 15.8 g; beef heart, 19.7 g; 
proteose peptone, 0.Sg; dextrose, 0.16g; NaC1, 0.39g; and 

NazHPO4, 0.2 g. Final pH 7.2. (d) Minimal medium: KH 2POa, 4.4 g; 
K2HPO4, 7.9 g; NH4C1, 2 g; MgSO4.7H20, 50 mg; (NH4)2SO4" 
FeSO4.6HzO, 7rag; auxotrophic requirements in appropriate 
concentrations; and glucose or glycerol, 5 g. The final pH was 
6.8. Experiments in which the relative amounts of proteins of vari- 
ous strains were compared, were carried out in the same batch 
of medium as different batches can cause slight variations in the 
relative amounts of the major outer membrane proteins. 

Bacteriophage sensitivity was tested with the double layer tech- 
nique with about 100 plaque forming units per plate. The results 
were scored after incubation at 37 ° C for 16 h. Bacteriophage K3 
was a generous gift of P. Reeves. 

Isolation of Cell Envelope Fractions. Methods for the isolation 
of cytoplasmic and outer membranes from spheroplasts and of 
cell envelopes from whole cells have been described earlier (Lugten- 
berg et al., 1975). Osmotic lysis of spheroplasts was performed 
as described by Osborn et al. (1972). In som experiments cytoplas- 
mic and outer membrane proteins were separated by extraction 
of cell envelopes with Triton X-100 in the presence of 10 mM 
MgC12 (Schnaitman, 1971 a). This procedure was modified as fol- 

Table 1. Escherichia coli strains a 

Strain Source Mating type, genotype b, relevant characteristics, references 
designation 

PC 0221 PC 
PC 2105 C. Verhoef 
PC 1349 PC 

PC 2040 PC 
PC 0205 PC 
PC 0668 PC 
AB 1859 CGSC 
CE 1034 This paper 
AB 1621 
CE 1036 CGSC 
CE 1022 C. Verhoef 
cE  1029 This paper 
CE 1030 This paper 
AW 330 J. Adler 
M 138 J. Adler 
JF 404 J. Foulds 
JF 404-2a J. Foulds 
P 400 P. Reeves 
P 460 P. Reeves 
D 21 H.G. Boman 
D 21e7 H.G. Boman 

D 21fl H.G. Bomann 

D 21f2 H.G. Boman 

B PC 0037 
BE J.P. Rosenbuseh 
BE K3 r This paper 
C PC 0886 
J 5 E. Heath 
K 235 F.C. McIntyre 
MRE 600 

K12S, F , phx 
K12 F- ,  pyrC, strA 
K12 F- ,  thr, leu, proA, argE, his, thi, recB21, recC22, 

sbcB, lacY, galK, xyl, mtl, ara, tsx, phx, strA, sup-37 amber 
Heptose-deficient mutant of PC 1349 (Havekes et al., 1976) 
K12 F- ,  thr, leu, proA, purA, lacY, gal, mtI, mal, lain, tsx, phx, strA 
K12 F +, (lam), lain, phx 
K12 F- ,  thi, lacY, galK, mtl, xyl, ara, strA, supE 
Bacteriophage K3-resistant mutant of AB 1859 
Bacteriophage T4- and T6-resistant mutant of AB 1859 (Schnaitman, 1974b) 
Spontaneous revertant of AB 1621 to partial sensitivity to T4 
K 12 F- ,  leu, thi, pyrF, ilvA, argG, thy galE, lysA 
Spontaneous K3-resistant mutant of CE 1022 
Spontaneous K3-resistant mutant of CE 1022 
K12 F- ,  thr, leu, thi, gal, ara, lac, xyl, tonA, strA 
Nonflagellated mutant of AW 330 (Armstrong et al., 1967) 
K12 HfrH, thyA 
tolG derivative of JF 404 (Chai and Foulds, 1974) 
K12 F- ,  thi, argE, proA, thr, leu, mtl, xyl, ara, galK, lacY, strA, supE, non 
Con- mutant of P 400 (Skurray et al., 1974) 
K12 F- ,  pro, trp, his, strA, (lam), tsx, ampA1 (Boman and Monner, 1975) 
lpsA mutant of D 21 with galactose-deficient lipopolysaccharide 

(Boman and Monner, 1975) 
Mutant of D 21e7 with glucose-deficient lipopolysaccharide 

(Boman and Monner, 1975) 
Mutant of D 21e7 with heptose-deficient lipopolysaccharide 

(Boman and Monner, 1975) 
Wild type strain 
Derivative of E. coli B (Roschenbusch, 1974) 
Spontaneous K3-resistant mutant of BE 
Wild type strain 
galE mutant of 0111B4 
Colicin producing strain 
Ribonuclease I negative 

Source abbreviations: CGSC, Coli Genetic Stock Center, Yale University; PC, Phabagen Collection c/o Miss H.S. Felix, Department 
of Microbiology, State University, Transitorium 3, Padualaan 8, Utrecht, The Netherlands 
b The genetic nomenclature used is that of Taylor and Trotter (1972) 
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lows. Cell envelopes, preincubated with 10 mM MgC12 for 1 h 
at 0 ° C, were incubated with 2% Triton X-100 for 10 min at 23 ° C. 
After centrifugation at 23 ° C for 1 h at 225,000 xg, the pellet con- 
tains the outer membrane proteins which represented between 50 
and 65% of the envelope proteins. The cytoplasmic membrane 
proteins were precipitated from the supernatant with two volumes 
of ethanol at - 20 ° C (Schnaitman, 1974a). The ethanol-precipita- 
ble proteins represented only 4~6.5 % of the envelope protein. Pepti- 
doglycan-associated proteins were isolated by centrifugation after 
extraction of cell envelopes in SDS at 60 ° C.The protein-peptido- 
glycan complex was dissociated at 100 ° C. The supernatant ob- 
tained after subsequent centrifugation contains the dissociated 
proteins(s). The procedure was carried out as described by Rosen- 
busch (1974) except for the composition of the extraction buffer, 
which was identical to the composition of the sample solution 
for the gel electrophoresis system described earlier (Lugtenberg 
et al., 1975) except that bromophenol blue was omitted. Ghosts 
were isolated according to procedure II described by Henning et al. 
(1973), except that they were washed once with 0.2 M KC1 to 
remove most of the lysozyme that is present in ghost preparations 
as a contamination. Protein concentration were determined accord- 
ing to Lowry et al. (1951). Total cell protein was determined after 
sonical disruption of the cells and subsequent solubilization in 
SDS. 

Flagella. The method for the isolation of crude flagelIa was based 
on the procedure described by DePamphilis and Adler (1971). 
Ceils were grown overnight in 600 ml yeast broth, harvested by 
centrifugation for 20 min at 5,000xg at 4°C and resuspended 
in 50ml 0.1 M tris(hydroxymethyl)aminomethane (Tris)-HC1, 
pH 7.8. All further treatments were carried out at 0-4 ° C. The 
suspension was placed in a Sorvall Omnimixer blender and treated 
at 4 ° C for 1 min at a speed control setting of 7.5 (Schnaitman, 
1970a). This treatment converted motile into immotile cells as 
was judged by phase-contrast microscopy. After the suspension 
was diluted six-fold in Tris buffer the cells were harvested by centri- 
fugation for 10 rain at 12,000 xg. The resulting supernatant was 
centrifuged for 1 h at 140,000 x g. The resulting pellet, containing 
flagella, was resuspended in 0.2mi Tris buffer and stored at 
- 2 0  ° C. For electron microscopy samples were stained with 1% 
uranyl acetate and examined in a Philips EM 200 electron micro- 
scope operated at an accelerating voltage of 80 kV. 

Polyacrylamide Gel Electrophoresis. Gel electrophoresis was carried 
out as described previously (Lugtenberg et al., 1975). Samples for 
gel electrophoresis were boiled for 5 rain unless otherwise indicated. 
Samples were stored at - 2 0  ° C. Storage at this temperature does 
not influence the band pattern if the samples are boiled again 
before application on the gel. In order to obtain an estimate of 
the relative quantity of protein in each band, gels were stained 
with Fast Green FCF (Gorovsky et al., 1970) followed by scanning 
as described previously (Lugtenberg et al., 1975). The relative 
amount of a protein band was determined by measuring the surface 
area of the corresponding peak. As the accuracy of this calculation 
depends on the intensity and compactness of the bands, scanning 
was performed on gels that contained only about 10~tg of 
protein per slot. The data of the relative amounts of major mem- 
brane proteins are reproducible within 10% for proteins which 
contribute for at least 25% of the total major outer membrane 
proteins. A lower contribution results in considerably less accurate 
data. Protein bands are indicated by their molecular weights mul- 
tiplied by 10 -3 and followed by the letter K. The molecular weights 
of the standard proteins are indicated in Figures 3 and 4, and 
refer to the proteins described earlier (Lugtenberg et al., 1975). 
In some experiments the dimer of bovine serum albumin was used, 
which was prepared by polymerization of the monomer with glutar- 
aldehyde (Payne, 1973). 

Results 

Comparison of  Proteins of  Cell Envelope, 
Cytoplasmic Membrane and Outer Membrane 

In order to identify the proteins of cytoplasmic and 
outer membrane, the membranes can be separated 
followed by identification of the proteins of the two 
fractions. A different approach has been reported by 
Schnaitman (1971a) for E. coli strain J5 and consists 
of the specific solubilization of the cytoplasmic mem- 
brane proteins from cell envelopes by Triton-MgClz. 
We compared these two methods for E. coti K12. 
One batch of cells of strain PC 2105, growing ex- 
ponentially in yeast browth, was derided into two 
parts. One part of the cells was converted to sphero- 
plasts after which cytoplasmic and outer membranes 
were isolated (Osborn et al., 1972). Another part of 
the cells was used for the isolation of the cell envelope 
fraction, part of which was extracted with Triton X- 
100 in the presence of MgC12 in order to isolate the 
(Triton-MgC12 soluble) cytoplasmic membrane 
proteins and the (Triton-MgClz insoluble) outer 
membrane proteins. Gel electropherograms showed 
that the same proteins are enriched in the isolated 
outer membrane and in the Triton-MgC12 insoluble 
envelope fraction. Densitometer tracings of the two 
gels showed a good qualitative and quantitative over- 
lap. The major outer membrane proteins a, b, c and 
d were present in the same ratio in cell envelopes, 
outer membranes and Triton-MgC1/ insoluble 
protein. As described previously, only 10-22% of the 
Triton-MgC12 soluble proteins could be precipitated 
with ethanol. Nevertheless the protein patterns of iso- 
lated cytoplasmic membrane and of the ethanol-pre- 
cipitate of the Triton-MgC12 soluble envelope fraction 
were nearly identical, showing that the precipitated 
proteins are a random portion of the dissolved frac- 
tion. For comparison of densitometer tracings of the 
protein pattern of cell envelopes, cytoplasmic and out- 
er membranes, the interested reader is referred to a 
previous paper (Lugtenberg et al., 1975). 

Major Outer Membrane Proteins 
of Various E. coli Strains 

The relative amounts of cell envelope proteins of a 
number of E. coli K12 strains were compared. Cell 
envelopes were prepared from cells growing exponen- 
tially in yeast broth at 37 ° C. As the relative amounts 
of the proteins a, b, c and d are the same in prepara- 
tions of cell envelope and outer membrane, unfrac- 
tionated cell envelopes were used to determine the 
relative amounts of these proteins. The gel patterns 
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Table 2. Distribution of major outer membrane proteins in various 
E. coli strains 

Strain Mating 
type 

Relative amounts of  major 
outer membrane proteins 
(percentage of total major 
outer membrane protein)" 

a b c d 

A. E. co~K12  strams 
PC 0221 F -  7 6 48 39 
AB 1859 F 12 7 37 44 
PC 1349 F -  10 16 23 51 
D21 F -  7 24 26 43 
P 400 F -  6 35 15 44 
PC 2105 F -  7 37 14 42 
PC 0205 F -  8 42 15 35 
PC 0668 F ÷ 8 10 42 40 
JF 404 H ~ H  7 18 40 35 

B. Other E. coli strains 
B < 2 72 0 26 
C 4 5 44 b 47 
J 5 7 24 b 31 3'8 
K 235 36 l0 b 19 35 
MRE 600 3 3 38 b 56 

a Cell envelope proteins were separated by gel electrophoresis. 
The data were calculated from scans of stained gels 
b These bands have a slightly lower electrophoretic mobility than 
the corresponding bands of E. coli K12 

of envelopes of the various E. coli K12 strains were 
qualitatively very similar. The main quantitative dif- 
ferences were observed in the relative amounts of 
the major outer membrane proteins a, b, c and d 
(Table 2). Especially the b over c ratio differed among 
the strains. We were unable to detect a relation be- 
tween the known genetic markers (Table 1) and the 
amounts of the major outer membrane proteins (Ta- 
ble 2). No significant influence of the mating type 
on the pattern of envelope proteins was observed. 
Donor strains contain, in contrast to acceptor strains, 
F-pili which are attached to the cell envelope. The 
F-pilus is composed of monomers of F-pilin, a protei- 
nous molecule with a molecular weight of 11.8 K 
(Brinton, 1971). No male-specific band could be 
detected in the gel pattern, showing that either F-pili 
are removed from the cell envelope during the isola- 
tion procedure, or that they are present in amounts 
too low to be detected. 

The amounts of the major outer membrane 
proteins of E. coli K12 strains dlffer from those of 
other E. eoli strains (Table 2). Protein b of strains 
and K235, and proteins c of strains C and MRE 600 
have slightly lower electrophoretic mobilities than the 
corresponding proteins of K12 strains. Strain K235 
contains a high amount of protein a. E. coli B lacks 
protein c and contains extremely little of protein a. 
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Cell envelopes of strain MRE 600 contain an extra 
polypeptide (41 K) which is also insoluble in Triton: 
MgCI2 and therefore can be considered as a com- 
ponent of the "major outer membrane protein". 

Peptidoglycan-associated Protein 

Rosenbusch reported that one of the major outer 
membrane proteins of E. coli is tightly associated 
with peptidoglycan. The isolated peptidoglycan-asso- 
ciated protein of both E. coli strains BE and K12 
was shown to be pure on polyacrylamide gels of the 
Laemmli system. The purified protein ofE. coli BE was 
also shown to be pure according to various other 
criteria (Rosenbusch, 1974). We isolated the peptido- 
glycan-associated protein of E. eoli strains B en BE 
and found that it corresponds with protein b. It 
should be noted that E. coli BE is a derivative of 
E. eoli B, which lacks proteins c (Table 2). We found 
that the peptidoglycan-associated protein fraction of 
all E. eoli K12 strains tested (PC 0205, PC 1349, 
PC 2105 and AB 1859) contain in addition to protein 
b also protein c in almost quantitative amounts 
(Fig. 1). Rosenbusch (1974) found that the peptido- 
glycan-associated protein of E. coli K12 is pure in 
Laemmli gels. To our surprise we found that also 
this system separated proteins b and c well (Lugten- 

bX=_ 
C ~  

d / - -  

1 2 3  
Fig. 1. 1-3. Peptidoglycan-associated protein of strain PC 0205. 
Cell envelopes (1) were heated in sample buffer without bromophe- 
nol blue at 60°C for 30 min. The solubilized proteins (2) were 
separated from the peptidoglycan fraction (3) by ultracentrifuga- 
tion 
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Table 3. Effects of growth phase and growth medium on the relative amounts of the major outer membrane 
proteins 

255 

Strain Medium Growth phase Relative amounts of major outer 
membrane proteins 
(percentage of total major outer 
membrane protein) a 

a b c d 

E. coli K12 AB 1 8 5 9  Glucose minimal Exponential 7 34 15 
Glucose minimal Stationary 11 24 16 

Yeast broth Exponential 13 8 40 
Yeast broth Stationary 11 8 39 

E. coli B Glucose minimal Exponential 2 68 0 
Glucose minimal Stationary 3 59 0 

Glycerol minimal Exponential 3 77 0 
Glycerol minimal Stationary 5 76 0 

Yeast broth Exponential < 2 72 0 
Yeast broth Stationary 2 68 0 

E. coli K12 PC 1 3 4 9  Glucose minimal Exponential 9 30 8 
Tryptone broth Exponential 4 33 22 
Yeast broth Exponential 10 16 23 
Yeast broth + 
0.5% glucose Exponential 15 9 28 
Brain heart Exponential 15 3 33 

E. coli J 5 Yeast broth Exponential 7 24 b 31 
Yeast broth + 
0.5% glucose Exponential 10 10 b 31 

44 
49 

39 
42 

30 
38 

20 
19 

26 
30 

53 
41 
51 

48 
49 

38 

49 

a The data were obtained as described in legend a of Table 2 
b This protein has a slightly lower electrophoretic mobility than the corresponding protein of E. coli 
K12 and B 

strains 

berg et al., 1975). However, Hindennach and Henning 
(1975) reported that proteins Ia (b) and Ib (c) are 
not separated on a Laemmli gel unless small amounts 
of material are applied. Apparently the application 
of the Laemmli procedure by Rosenbusch (1974) and 
by Hindennach and Henning (1975) differs slightly 
from the one we are using. 

Effects of Growth Phase and Growth Medium 
on the Protein Composition of  Envelopes 

Cells harvested in the stationary growth phase are 
about two fold richer in cell envelope protein than 
exponential phase cells. The growth phase of the cells 
has only a slight influence on the relative amounts 
of the major outer membrane proteins. Table 3 shows 
that the relative amount of protein b is lower in sta- 
tionary phase cells than in exponential phase cells 
of both E. coli K12 strain AB 1859 and E. coli B 
grown in glucose minimal medium. When cells were 

grown in glycerol minimal medium or yeast broth, 
no significant influence of the growth phase could 
be detected (Table 3). Growth phase and growth me- 
dium did influence the pattern of a number of other 
envelope proteins, especially in the molecular weight 
region of 50 K and higher (Fig. 2). 

The composition of the growth medium consider- 
ably affects the relative amounts of the major outer 
membrane proteins of E. coli K12, especially those 
of bands b and c (Table 3). The influence of the me- 
dium on the major outer membrane proteins of E. 
coli B, which lacks protein e, is less pronounced. Dur- 
ing growth the pH of the media changed less than 
0,5 pH unit. 

The influence of the composition of the medium 
on the relative amounts of the major outer membrane 
proteins is not understood in molecular terms. The 
data can be summarized as follows. The b over c 
ratio is high for cells grown in minimal medium, inter- 
mediate for cells grown in complex media without 
sugar, and low for cells grown in complex media 
which contain sugar. 
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134K-- --130K 

67K-- 
6OK- 

a 
45K-  _--/b 

- - C  
36K-  -~d 
25K-- 

enzymatic activity of a number of membrane-bound 
enzymes (Mavis et al., 1972). Purified major outer 
membrane proteins have properties typical for intrin- 
sic proteins (Garten and Henning, 1974). We 
wondered whether changes in fatty acid composition 
of the phospholipids are accompanied by changes in 
the composition of the membrane proteins. The fatty 
acid composition of phospholipids can be influenced 
by the growth temperature. By increasing the growth 
temperature the relative amount of saturated fatty 
acids is increased (Marr and Ingraham, 1962; Haest 
et al., 1969). 

Cells were grown in tryptone broth at various 
temperatures for at least 20 generations. The growth 
temperature significantly influenced the following en- 

14K-- 
1 2 3 4 5 6 7  

Fig. 2. 1-7. Cell envelope proteins of E. coli B, grown in glycerol 
minimal medium (1 and 2), glucose minimal medium (3 and 4) and 
yeast broth (5 and 6). Odd and even numbers represent envelopes of 
cells harvested in the exponential and stationary phase respectively. 
As a comparison cell envelope proteins of E. eoli K 12 strain PC0205 
are shown (7). Molecular weights as well as the positions of the 
proteins a, b, c and d are indicated 

Relation between Growth Temperature 
and Protein Composition of Membranes 

In biological membranes phospholipids and intrinsic 
proteins are supposed to be in close contact (Singer 
and Nicolson, 1972). Phospholipids are required for 

Table 4. Effect of growth temperature on the relative amounts 
of  major outer membrane proteins 

Strain Growth 
temper- 
ature (°C) 

Relative amount of major 
outer membrane proteins 
(percentage of total major 
outer membrane proteins) ~ 

a b c d 

AW330 

PC 0221 

PC 2105 

30 l 21 24 54 
42 4 2 33 61 

30 1 18 35 46 
42 3 8 47 42 

24 1 35 14 50 
30 1 40 10 49 
37 3 43 13 41 
42 5 29 14 52 

The data were obtained as described in legend a of  Table 2 

Table 5. Effect of lipopolysaccharide structure on the relative amounts of the major outer membrane proteins 

Medium Strain LPS a a + b + c + d  
cell protein 
(arbitrary units) 

Individual major outer membrane 
proteins relative to total cell 
protein b (arbitrary units) 

a b c d 

A. Yeast broth 

B. Glucose minimal 

D 21 wild type 100 4 25 23 48 
D 21e7 galactose-deficient 80 5 6 31 38 
D 2tf l  glucose-deficient 56 5 2 21 28 
D 21f2 heptose-deficient 68 3 1 34 30 

D 21 wild type 100 8 34 14 44 
D 21e7 galactose-deficient 74 10 12 23 29 
D 21fl glucose-deficient 73 10 9 22 32 
D 21f2 heptose-deficient 76 10 0 36 30 

For detailed data on the LPS sugar composition of the D 21 series, see Boman and Monner (1975). Additional data are given 
in the text 
b The contribution of the individual proteins to cell envelope protein was calculated from scans of  gels containing cell envelope 
preparations. The contribution of cell envelope protein to total cell protein was calculated from protein assays. The data in this table 
are presented such that a + b + c 4-d for strains D 21 is equal to 100 arbitrary units 
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Fig. 3A-C. Fragments of flagella and pili of various E. coli K 12 strains stained with uranyl acetate. A Preparation of strain PC 1349 showing 
flagellar fragments only; x 88,000. B Preparation of strain AW330 showing flagellar fragments as well as fragments of pili; x 88,000. 
C Preparation of strain M 138 showing fragments of pili; x 150,000 
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67K-- I65K 
60K 

6 O K - -  ~Flagellin 58K 
--Pilin (5OK) 

45K-- _./; 

36K-- ~ c  
- ~ d  

25K-- 

_ Tff(16-18 K) 
14K- ~ Lysozyme 

-~ Lipoprotein 1 2 3  
Fig. 4. 1-3. Identification of flagellin. (l) molecular weight stan- 
dards; (2) Flagella isolated from strain PC 1349; (3) Cell envelope 
preparation of strain PC 1349 isolated after osmotic lysis of lyso- 
zyme-EDTA spheroplasts 

velope proteins: (a) The amount of pilin which is re- 
covered in cell envelopes decreases with increasing 
growth temperature. (b)Protein a is hardly or not 
at all detectable after growth at 24°C and 30 ° C, 
but present after growth at 37 ° C and 42 ° C (Table 4). 
(c) The relative amount of protein b is dependant 
on the growth temperature. For strain PC 2105 it 
is maximal at a growth temperature around 37°C 
(Table 4). Analysis of the fatty acid composition of 
outer membrane phospholipids of cells of strain 
PC 2105, grown at 24 ° C, 30 ° C, 37 ° C, and 42 ° C 
showed that the relative amount of saturated fatty 
acid increased with increased growth temperature 
(Lugtenberg and Peters, 1976). Therefore it is unlikely 
that the observed temperature dependance of the 
amount of protein b is related to the fatty acid compo- 
sition of the phospholipids. 

Effect of  Lipopolysaccharide Structure on the 
Relative Amounts of the Major Outer Membrane 
Proteins 

As LPS (lipopolysaccharide) is found almost exclu- 
sively in the outer membrane (Osborn et al., 1972), 
the structure of the LPS might influence the protein 
composition of the outer membrane. It has been 
found that mutants of E. coli (Koplow and Goldfine, 

1974; Havekes et al., 1976) and Salmonella typhimu- 
rium (Ames et al., 1974), which contain deep rough 
LPS, have protein deficiencies in their outer mem- 
branes. We studied the effects of the LPS structure 
on the protein composition of cell envelopes using 
an isogenic set of E. coli K12 strains. Strain D21e7 
and its derivatives contain the lpsA mutation which 
results in galactose-deficient LPS (Boman and Mon- 
ner, 1975). The reason for  this galactose-deficiency 
is the lack of heptose-bound phosphate (H. Mayer, 
personal communication). Analysis of the proteins of 
all cell fractions showed that the isogenic strains 
differed almost exclusively in their major outer mem- 
brane proteins. All mutants contain decreased 
amounts of total major outer membrane protein (Ta- 
ble 5). The lpsA mutation causes a dramatic decrease 
in the amount of protein b, an increase in the amount 
of protein e and a decrease in the amount of protein 
d. The mutation in strain D21f2 does not significantly 
change the pattern. The mutation that causes heptose- 
deficiency increases the amount of protein c even 
more. It also decreases the amount of protein b, at 
least in glucose minimal medium. In addition the hep- 
tose-deficient mutant D21f2 had decreased amounts 
of the 50 K protein, which was identified as pilin 
(see next section). 

Flagellin and Pilin 

Except a reduction in the amounts of the major outer 
membrane proteins b and d, heptose-deficient mutants 
have reduced amounts of an envelope protein with 
a molecular weight of 50 K. Fractionation of  wild 
type cells showed that this protein is an outer mem- 
brane protein. As heptose-deficient mutants of S. ty- 
phimurium are immotile (Ames et al., 1974), the 50 K 
protein could represent flagellin. In order to check 
this idea we isolated flagella of two motile E. coli 
K12 strains PC 1349 and AW 330 and of the nonche- 
motactic mutant M 138 of strain AW 330 (Armstrong 
et al., 1967). The recovery of flagella, measured as 
protein, was good for the two motile strains but poor 
for the nonchemotactic mutant. Electron micrographs 
of the flagella preparations of strains PC 1349 and 
AW 330 showed typical flagellar fragments with a 
diameter of 13.7 nm (Fig. 3A and B), whereas no 
trace of flagella was detectable in the preparation 
of strain M 138. The latter preparation contained al- 
most exclusively pili with a diameter of 5 nm 
(Fig. 3C). Small amounts of piii could also be 
observed in the preparation of strain AW 330, but 
not in that of strain PC 1349. Gel patterns of freshly 
prepared electrophoresis samples of preparations of 
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strains PC 1349 (Fig. 4) and AW 330 showed that the 
majority of the protein has a molecular weight of 
58 K, whereas weak bands were observed at 60 K and 
65 K. The 50 K protein band was not observed in 
the flagella preparation of strain PC 1349 (Fig. 4), 
whereas a minor 50 K band was found in that of 
strain AW 330. The preparation of strain M 138 was 
essentially devoid of the 58, 60 and 65 K proteins. 
The majority of its protein was recovered in the 50 K 
band. These results show that the 58 K and 50 K 
bands represent flagellin and pilin respectively. 

When gel electrophoresis samples of flagella 
preparations were boiled for periods longer than 
5 min, the intensity of the 60 K and 65 K bands in- 
creased at the expense of the 58 K band. Similar ef- 
fects of the duration of boiling on the gel pattern 
of purified flagella have been observed by Kondoh 
and Hotani. For a discussion about this effect we 
refer to their paper (Kondoh and Hotani, 1974). 

In the gel pattern of cell envelopes isolated from 
cells that had been broken by ultrasonic treatment, 
no major band corresponding with flagellin was 
observed. However, when membranes were prepared 
after osmotic lysis of spheroplasts the 58 K band was 
present (Fig. 4). Ultrasonic treatment obviously 
breaks flagella of E. coli into fragments that are too 
small to be sedimented together with the cell envel- 
opes. Ultrasonic treatment seems to be less harmful 
for the smaller pili as the 50 K protein band is present 
in most cell envelope preparations, although the inten- 
sity of the band varies in different preparations. 

Mutant Deficient in Protein c 

Schnaitman described that strain AB 1621, derived 
from E. coli K12 strain AB 1859 by selection for resis- 
tance to the bacteriophages T4 and T6, is deficient 
in protein l (Schnaitman, 1974b). When we received 
strain AB 1621 it was still resistant to phage T6 but 
(partially) sensitive to phage T4. Cell envelopes of 
this train, designated CE 1036, are deficient in protein 
c and contain increased amounts of protein b (Ta- 
ble 6). 

Mutants Deficient in Protein d 

Two types of mutants have been described that are 
deficient in proetin d: toIG strains, that are tolerant 
to bacteriocin JF 246 (Chai and Foulds, 1974), and 
strain P 460, a bacteriophage K3-resistant and conju- 
gation-deficient mutant of P400 (Skurray etal., 
1974). Cell envelope proteins from these as well as 

Table 6. Mutan ts  deficient in proteins c and d 

Strain Medium Relative amoun t  of  major  outer 
membrane  proteins 
(percentage of total major  outer 
membrane  protein) ~ 

a b c d 

AB 1859 Yeast broth 10 6 33 51 
CE 1036 Yeast broth 8 18 3 71 

AB 1859 Glucose minimal  6 32 9 53 
CE 1036 Glucose minimal  5 38 0 57 

JF 404 Yeast broth 7 18 40 35 
JF 404-2a Yeast broth 6 29 60 5 

P 400 Yeast broth 6 35 15 44 
P 460 Yeast broth 6 50 43 1 

AB 1859 Yeast broth 8 6 36 50 
CE 1034 Yeast broth 9 8 82 <1 

CE 1022 Yeast broth 5 18 28 49 
CE 1029 Yeast broth 6 26 65 3 
CE 1030 Yeast broth 4 14 32 50 

BE Yeast broth 2 76 0 22 
BE K3 r Yeast broth 3 90 0 7 

a The data  were obtained as described in legend a of  Table 2 

from newly isolated K3-resistant mutants were 
analyzed. Both the tolG mutant as well as strain P 460 
were deficient in protein d (Table 6). Skurray et al. 
(1974) described that strain P 460 is missing two poly- 
peptides (3 a and 3 b) that together form band 3. Later 
on it was found that strain P 460 is deficient in protein 
3a only and that protein 3b is present in small 
amounts in both strain P 400 and P 460 (P. Reeves, 
personal communication). The results (Table 6) there- 
fore show that proteins 3a and d are identical. 
Proteins 3a and 3b are obviously separated in our 
gel system as no residual protein is present in the 
position of protein d in gels with cell envelopes of 
strain P 460, 

A number of bacteriophage K3-resistant mutants 
was isolated from several strains. About half of them 
were deficient in protein d. From analysis of the vari- 
ous cell fractions it could be calculated that mutants 
deficient in protein d are missing about 20 to 30 per- 
cent of the total major outer membrane protein of 
their cell envelope. The loss of protein d is partly 
compensated for by increased amounts of protein c 
and, to a less extent, of protein b (Table 6). Bacterio- 
phage K3 resistance in E. coli strain BE can even 
cause that protein b accounts for 90% of the major 
outer membrane protein (Table 6). No deficiencies 
could be detected in K3-resistant mutants that possess 
protein d (e.g. strain CE 1030 in Table 6). 
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Discussion 

Studies on the influence of growth conditions on the 
composition of the membrane proteins of E. coli K12 
might contribute to the understanding of the func- 
tions of these proteins. The results presented in this 
study focuss mainly on the major outer membrane 
proteins, which originally were thought to be one 
protein, the "major outer membrane protein" 
(Schnaitman, 1970b). More advanced gel electro- 
phoresis methods resulted in separation into more 
bands (Henning et al., 1973 ; Schnaitman, 1974b). Re- 
cently the "major outer membrane protein" was sepa- 
rated into four protein bands a, b, c and d (Lugtenberg 
et al., 1975). Other outer membrane proteins of E. 
coli K12 that certainly also can be considered as major 
proteins, are: (i)a protein with a molecular weight 
of 50 K, which was identified as pilin; (ii) protein III 
(Fig. 4), which is present in ghosts (Henning et al., 
1973) and seems not to be influenced by growth condi- 
tions (not shown); (iii) the lipoprotein discovered by 
Braun and Rehn (1969), which is covalently bound 
to peptidoglycan and cannot enter the gel because 
of the high molecular weight of this complex, and, 
(iv) the free form of this lipoprotein, discovered by 
Inouye et al. (1972), which corresponds with the fas- 
test moving protein band in our gel system (Fig. 4). 
For technical reasons it is hard to quantitate the 
amount of this protein in our gel system (Lugtenberg 
et al., 1975). 

The major outer membrane proteins of nine differ- 
ent E. coti K12 strains differ mainly in their relative 
amounts of proteins b and c. No correlation could 
be detected between the genetic markers of these 
strains that are shown in Table 2 and their b over 
c ratio (Table 2). Comparison of the composition of 
the major outer membrane proteins ofE. coli K12 
with those of other E. coti strains shows that there 
are considerable differences in that bands are absent 
(e.g. protein c in E. coli B), present in extremely high 
amounts (e.g. protein a in strain K235) or have signifi- 
cantly different electrophoretic mobility (Table 2). 

The growth phase hardly influences the composi- 
tion of the major outer membrane proteins of E. 
coli, whereas the growth medium exerts a dramatic 
influence (Table 3). In E. coli K12 especially the b 
over c ratio is dependant on the composition of the 
medium. The medium hardly influences the relative 
amounts of the major outer membrane proteins of 
E. cob B, which does not possess protein c. Presently 
it is not understood how the composition of the me- 
dium is reflected in the distribution of the major outer 
membrane proteins. 

The composition of the lipopolysaccharide in- 
fluences the composition of the major outer mem- 

brane proteins (Table 5). Especially the lpsA muta- 
tion, which causes galactose-deficient LPS (Boman 
and Monner, 1975) as a result of the lack of heptose- 
bound phosphate (H. Mayer, personal communica- 
tion), results in a strong decrease of protein b and 
also, to a less extent, of protein d. The mutation 
results in an increase of protein c. Similar changes 
in the pattern of major outer membrane proteins have 
been described by Havekes et al. (1976) for two hep- 
tose-deficient mutants of E. coli K12. A bile salt resis- 
tant revertant of one of these mutants shows the same 
protein profile as the parent strain. The experiments of 
Havekes et al., (1976) have clearly shown that heptose- 
deficiency causes a decrease of protein b. The results 
described in Table 5 show that also the lpsA mutation 
causes this decrease. This observation gives us the 
possibility to indicate which part of the LPS is re- 
sponsible for the presence or absence of protein b 
in a certain strain under controlled growth conditions. 
The lpsA mutation causes the lack of both galactose 
and heptose-bound phosphate. Galactose-deficiency 
alone does not influence the amount of b (Verkley 
et al., 1976). Therefore the deficiency in protein b 
must be caused by a defect in the inner core of the 
LPS. Unfortunately the exact structure of this part 
of the LPS of E. coti K12 is not known. Assuming 
that heptose is substituted by phosphate as well as 
by -P-P-e thanolamine  like in E. coli B (Prehm 
et al., 1975), the results of Table 5 suggest that the 
deficiency of protein b is caused by the lack of phos- 
phate and/or - P -  P-ethanolamine. A better knowl- 
edge of the structure of the inner core and studies 
with well-characterized mutants in this part of the 
LPS are required to establish the exact correlation 
between LPS structure and the presence of b in the 
outer membrane. 

Evidence for excretion of protein b in the growth 
medium by heptose-deficient mutants could not be 
obtained (W. van Alphen, personal communication). 
This result suggests that protein b is not translocated 
to the outer membrane in these mutants. From esti- 
mations of the lateral mobility constant of newly syn- 
thesized LPS of S. typhimurium, Miihlradt etal. 
(1973) suggested the possibility that LPS molecules 
do not exist as single molecular units but that LPS 
might be linked to other outer membrane com- 
ponents. Our results suggest that protein b might be 
one of these components. The linkage could be caused 
by a non-covalent interaction between the inner LPS 
core and protein b. This would imply that protein 
b, which is bound to peptidoglycan (Fig. 1) extends 
through the lipid bilayer of the outer membrane and 
should have properties of an integral protein.: These 
properties have indeed been found for isolated 
protein I (our b plus c) by Garten and Henning (1974). 
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The lack of protein c in mutant  strain CE 1036 
results in an increase in the amounts of proteins d 
and b (Table 6). Mutants that lack protein d possess 
increased amounts of protein c (Table 6). The increase 
of protein b suggested in Table 6 is not significant 
as the loss of protein d coincides with the loss of 
20-30 percent of the total major outer membrane 
protein. Presently it is not known whether the lack 
of proteins c and d in mutants is due to their presence 
in another fraction, to degradation or to a deficiency 
in their synthesis. The availability of individual mu- 
tants deficient in protein b (Table 5), c and d (Table 6) 
poses the question whether triple mutants can be 
constructed that are deficient in all three proteins. 
The results of this study will be presented in a later 
paper. 

The knowledge that proteins b and c can be isolat- 
ed associated with peptidoglycan is important for the 
purification of these proteins. The availability of  mu- 
tants as well as information on the influence of the 
growth medium can also contribute to the purification 
of these proteins. 
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Note Added in Proof 

Recently Schmitges and Henning [Europ. J. Biochem. (1976) 63, 
47-52] have also shown that two polypeptides, I a and I b (our b and 
e respectively), which represent two forms of the same polypeptide, 
are peptidoglycan-associated in E. coli K 12. 

In a note added to the proof of the paper mentioned above, 
Schmitges and Hennig present evidence that suggests and intimate 
relationship between synthesis and/or assembly of LPS and protein 
c. This result, together with that presented in our paper for protein b, 
shows that proteins b and c are intimately related with LPS. These 
data, combined with recent experiments of Nakae [J. biol. Chem. 
(1976) 251, 2176-2178] suggest that b, e and LPS are part of or even 
form hydrophilic pores in the outer membrane. 


