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Summary

The peptidoglycan-associated protein fractions of various strains of Esche-
richia coli and of other gramnegative rod-shaped bacteria were isolated and
compared. Peptidoglycan-associated proteins are always outer membrane pro-
teins. All E. coli strains tested contain at least one peptidoglycan-associated
protein.

Procedures are described for the isolation of the two peptidoglycan-asso-
ciated proteins b and ¢ of E. coli K12.

All nine Enterobacteriaceae tested contain one or more peptidoglycan-asso-
ciated proteins. Two gramnegative rod-shaped bacteria that do not belong to the
family of Enterobacteriaceae do not contain peptidoglycan-associated protein.

It is suggested that peptidoglycan-associated proteins form, or are part of,
hydrophilic channels through the outer membrane,

Introduction

Using a variation on the procedure for the isolation of peptidoglycan sacculi,
Rosenbusch [1] reported that a major outer membrane protein of various
Escherichia coli strains is tightly associated with peptidoglycan. The complex is
stable in 2% sodium dodecyl sulphate at 60°C, but is dissociated upon boiling.
Using these properties, the peptidoglycan-associated protein of E. coli strain BE
has been purified and characterized extensively. It consists of only one poly-
peptide from which approximately 10° copies per cell are arranged in a lattice
structure with hexagonal symmetry on the outer face of the peptidoglycan [1].
The physiological function of this “matrix protein® is unresolved.

In this paper the major outer membrane proteins of E. coli are defined as
outer membrane proteins with apparent molecular weights between 33 000
and 44 000, which correspond to the major outer membrane protein originally
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described by Schnaitman [2]. By using sodium dodecy! sulphate-polyacryl-
amide gel electrophoresis systems with improved electrophoretic resolution,
this major outer membrane protein of E. coli K12 can be separated into two
[2,3] or even four [4] protein bands. In the latter case the bands are designated
as a, b, c and d, from which a, as it is present in relatively low amounts, can
hardly be considered as a major protein [4]. For a comparison of the nomen-
clature of protein bands used by various authors, the reader is referred to a pre-
vious paper [5].

We have reported that E. coli strains B and K12 differ in their “‘major outer
membrane proteins”. Whereas the peptidoglycan-associated protein of E. coli
strains B and BE shows only one band on sodium dodecyl sulphate-polyacryl-
amide gels, the same fraction of E. coli K12 strains can be resolved into two
bands designated as b and c¢ [5]. In this paper we report the occurrence of pep-
tidoglycan-associated proteins in various strains of E. coli and other Enterobac-
teriaceae. The results may contribute to the elucidation of the function of
these proteins.

Materials and Methods

Strains and growth conditions. Relevant properties of the E. coli strains used
as well as differences in their major outer membrane proteins have been
described elsewhere [5,6]. Citrobacter freundii G38, Enterobacter cloacae
H478, Klebsiella aerogenes S45, K. edwardsii edwardsii S15 and Shigella sonnei
S81 were obtained from Dr. F.K. de Graaf; Salmonella typhimurium strain G30
(galE) was obtained from Dr. V. Lehmann. All other strains are from our labo-
ratory collection. Unless otherwise indicated, bacteria were grown under aera-
tion in yeast broth [5] at 37°C and harvested in the late exponential growth
phase.

Membrane fractions. Cell envelopes were prepared after ultrasonic desinte-
gration by differential centrifugation as described previously {4]. The modified
[5] Triton X100-MgCl, extraction method of Schnaitman [7] was used to char-
acterize which envelope proteins are located in the cytoplasmic and outer mem-
brane respectively. In contrast to cytoplasmic membrane proteins outer mem-
brane proteins are insoluble under these conditions [7,5]. After extraction of
isolated cell envelopes at 60°C in sample buffer for gel electrophoresis (contain-
ing 2% sodium dodecyl sulphate [5]), peptidoglycan-associated proteins were
isolated by centrifugation for 30 min at 225 000 X g at 23°C and once washed
with distilled water.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Proteins of the
various membrane fractions were solubilized in sample buffer [4] and boiled
for 5 min. Slab gels were prepared with compositions according to Laemmli
[8], Neville [9] or Lugtenberg et al. [4]. Approx. 20 ug of protein was applied
per slot except for supernatant and pellet fractions obtained after extraction of
cell envelopes at 60°C. In these cases amounts derived from 20 ug of envelope
protein were applied. Electrophoresis was carried out as described previously
[4] with a constant current of 30 mA per gei, except that for the Neville sys-
tem a 20 mA current was used. Staining, destaining and scanning were carried
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out as described previously [4]. The standard proteins used have been
described previously [4].

Results

Peptidoglycan-associated proteins in various E. coli strains

As reported previously [5] various E. coli strains differ considerably with
respect to number, electrophoretic mobility and relative amounts of their cell
envelope proteins in the 33 000—44 000 molecular weight region (Table I). Cell
envelopes were isolated of various E. coli strains. Band patterns of cell enve-
lopes, the Triton-MgCl,-insoluble cell envelope fraction and peptidoglycan-asso-
ciated protein were compared. The major outer membrane protein could be
resolved into up to four bands, from which at least one could be isolated com-
plexed with peptidoglycan (Table I). Peptidoglycan-associated proteins are
always outer membrane proteins in the 33 000—44 000 molecular weight
region. A photograph of a gel showing the peptidoglycan-associated proteins of
various E. coli strains is shown in Fig. 1A. In E. coli K12 two proteins, b and c,
are peptidoglycan-associated. E. coli B, which lacks protein ¢, contains one pep-
tidogly can-associated protein [1] with the same electrophoretic mobility as pro-
tein b of E. coli K12 [5]. Usually at least 90% of a certain major outer mem-
brane protein band was found either in the pellet or in the supernatant fraction
obtained after incubation of cell envelopes at 60°C in sodium dodecyl sulphate
and subsequent ultracentrifugation. Some batches of the pellet fraction con-
tained small amounts of the free form of Braun’s lipoprotein {10,4], protein d
and of a 50 000 dalton protein, identified as pilin in E. coli K12 [5]. As other
batches of the same strain were devoid of these bands, these proteins were not
considered to be peptidoglycan-associated. If a strain possesses proteins with
electrophoretic mobilities corresponding with proteins b and c of E. coli K12,
these proteins are always peptidoglycan-associated except protein c of strain
MRE 600, which is partly soluble in sodium dodecyl sulphate at 60°C (Table I

TABLE I
PEPTIDOGLYCAN-ASSOCIATED PROTEINS OF VARIOUS E. COLI STRAINS

Strain Reference(s) Major outer membrane proteins (per- Peptidoglycan-
centage of total major outer mem- associated
brane protein) protein(s) b
a b c d

K12 PC1349 5 10 15 25 50 b, c

K12 AB1859 5,11 10 10 35 45 b, c

BE 1,5 2 73 o 25 b

o} 5 5 5 452 45 b, ¢

K235 ) 35 102 20 35 a* b, c

J5 12,5 6 25a 30 40 b, ¢

MRE 600 5 7 3 352 55 (b),c *

2 These bands have a slightly lower electrophoretic mobility than the corresponding bands of E. coli
K12,

D Proteins indicated with an asterisk are not quantitatively bound to peptidoglycan. The protein
given in parenthesis is present in too low an amount to decide whether paxt of it is not associated
with peptidoglycan.
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Fig. 1. A. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis of fractions of various E. coli
strains. 1—4, solubilized cell envelope material after heating at 60°C in sodium dodecyl sulphate; 5—8,
insoluble cell envelope material after heating at 60°C in sodium dodecyl sulphate; 1 and 5: strain K235; 2
and 6, strain MRE 600; 3 and 7, K12 strain PC1349; 4 and 8, strain J5. The positions of the major outer
membrane proteins a, b, ¢ and d of E. coli K12 are indicated. B. Purification of protein b. Peptidoglycan-
associated protein was isolated from cell envelopes of strain CE1041 after growth in yeast broth and
chromatographed on a Sepharose 6B column. 1 and 2, 20 and 10 ug respectively of the peak fraction; 3,
cell envelope proteins of strain PC1349 as a reference. C. Purification of protein c. 1, Cell envelope pro-
teins of strain PC0221; 2, Peptidoglycan-associated protein of strain CE1034, grown in yeast broth sup-
plemented with 0.3 M NaCl. The small amount of lipoprotein can be separated from protein ¢ upon chro-
matography on a Sepharose 6B column. The gel system described by Lugtenberg et al. [4] was used. The
position of the free form of Braun’s lipoprotein is indicated (LP).

and Fig. 1A). The latter phenomenon has been observed earlier by Rosenbusch
for some E. coli strains [1]. Protein a is present in high amounts in strain K235.
Only in this strain it is peptidoglycan-associated to a large extent (Table I and
Fig. 1A).

Purification of proteins b and ¢

The isolation of peptidoglycan-associated protein can be used as a crucial
step in the purification of protein b of E. coli B [1]. Proteins b and c of E. coli
K12 have not been separated yet. An attempt to separate these proteins by dif-
ferential heating of cell envelopes in sodium dodecyl sulphate at temperatures
between 60 and 100°C failed. Both proteins b and c are dissociated from pep-
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tidoglycan between 70 and 80°C. Application of the procedure for the isola-
tion of peptidoglycan-associated protein on E. coli mutant strain CE1041,
which lacks proteins ¢ and d but contains a high amount of protein b [6],
results in a protein fraction that contains protein b (Fig. 1B) with a small
amount of the free form of Braun’s lipoprotein as the only protein contamina-
tion. “Accidently” we found that when 0.3 M NaCl is added to yeast broth, the
envelopes of some strains are lacking protein b which is compensated for by
increased amounts of protein ¢ (Van Alphen, W. and Lugtenberg, B., unpublish-
ed). When strain CE1034, which lacks protein d and contains low amounts of b
[6], is grown in the presence of 0.3 M NaCl, its peptidoglycan-associated
proteins contain protein ¢ with a small amount of Braun’s lipoprotein as the
only protein contamination (Fig. 1C). The contaminating lipoprotein can easily
be separated from b or ¢ by column chromatography on Sepharose 6B [1] or
Biogel P-150 [13]. The procedures described above are used now in our labo-
ratory for large scale purifications of proteins b and c.

Peptidoglycan-associated proteins in other gramnegative bacteria

The proteins of cell envelopes and of Triton-MgCl,-insoluble envelopes from
various gramnegative bacteria were analyzed in three gel systems. The system
that resolved the highest number of major outer membrane protein bands in
the molecular weight region between 33 000 and 44 000 was used for further
analysis of the membrane proteins of a certain strain. Examples of comparisons
between cell envelope proteins and outer membrane proteins of various strains
are given in Fig. 2. The protein patterns of cell envelopes, Triton-MgCl,-insolu-
ble cell envelopes, and cell envelope fractions that were soluble and insoluble in
2% sodium dodecyl sulphate at 60°C were compared. The results are summa-
rized in Table II. With the exception of Alcaligenes faecalis all strains tested
contained one or more major cell envelope proteins bands (Fig. 2). Except for
the minor 40 000 dalton band of Salmonella typhimurium these proteins are
outer membrane proteins. The major outer membrane proteins and peptidogly-
can-associated proteins detected in the various strains are listed in Table II.
Only one major outer membrane protein band could be detected in Pseudo-
monas aeruginose but it could not be recovered in the peptidoglycan pellet.
Alcaligenes faecalis is the only bacterium tested that does not contain major

15525730 4. T8 GECFER. 0 KhETENE 1314

Fig. 2, Sodium dodecyl sulphate-polyacrylamide gel electrophoresis of cell envelopes (A) and the Triton-~
MgCly-insoluble cell envelope fraction (B) of various gramnegative bacteria. The gel system described by
Neville [9] was used. 1, 4, 7, 10, 13, E. coli K12; 2, Citrobacter freundii; 3, S. typhimurium; 5, Shigella
sonnei; 6, E. cloacae; 8, K. edwardsii edwardsii; 9, K. aerogenes; 11, P. vulgaris; 12, P. mirabilis; 14, Alcali-
genes faecalis.
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TABLE II
PEPTIDOGLYCAN-ASSOCIATED PROTEINS IN GRAMNEGATIVE BACTERIA

Strain Reference to gel Apparent molecular Apparent molecular
electrophoresis weight of major weight of peptido-
system outer membrane glycan-associated

proteins (percentage proteins
of total major outer
membrane protein)

Alcaligenes faecalis (26) 9 No bands None

Citrobacter freundii (G38) 9 41, 38.5, 38, 36 41, 38.5, 38
(10, 20, 30, 40)

Enterobacter cloacae (H478) 9 38a, 38b, 36 38a, 38b
(15, 35, 50)

Klebsiella aerogenes (S45) 9 38, 35 38
(45, 55)

Klebsiella edwardsii edwardsii (S15) 9 38, 35 38
(50, 50)

Proteus mirabilis (57) 9 39, 38 38
(50, 50)

Proteus vulgaris (32) 9 39, 356 None 2
(45, 55)

Pseudomonas aeruginosa (S837) 4 37 None
(100)

Salmonella typhimurium (G30) 9 39, 38.5, 36 39, 38.5
(15, 35, 50)

Serratia marcescens (36) 4 42,41, 37 42, 41
(30, 35, 35)

Shigella sonnei (S81) 9 40, 39, 37, 34, 33 40, 39, 37

(25, 15, 10, 45, 5)

4 The 35 000 dalton protein was found to be associated with peptidoglycan when the treatment in
sodium dodecyl sulphate was carried out at 40°C.

outer membrane protein and thererore no peptidoglycan-associated protein. All
other bacteria listed in Table II belong to the family of Enterobacteriaceae.
They all contain at least two major outer membrane proteins. All Enterobac-
teriaceae except Proteus vulgaris contain at least one peptidoglycan-associated
protein. However, when cell envelopes of this strain were heated with sodium
dodecyl sulphate at 40°C instead of at 60°C, the 35 000 dalton protein was
found to be associated with peptidoglycan. We therefore suggest that this pro-
tein has the same function as the other peptidoglycan-associated proteins found
in Enterobacteriaceae, but that the complex is easier dissociated by sodium
dodecyl sulphate-heat treatment. Both Proteus strains differ from the other
Enterobacteriaceae in that in Proteus the fastest moving major outer membrane
protein is peptidoglycan-associated.

Discussion

Protein I of E. coli B (our protein b) consists of a single polypeptide [1,14].
Protein I of E. coli K12 can be resolved into two protein bands Ia and Ib (our
bands b and c respectively). As judged by analysis of their cyanogen bromide
fragments, Ia and Ib are almost identical. The difference between these poly-
peptides is located in part of the protein that does not correspond to the
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C-terminal or N-terminal region [15]. Both proteins are peptidoglycan-asso-
ciated [15,5]. It is not clear yet whether protein b is modified by E. coli K12
to protein c or if the cell has two genes, each coding for one of the proteins
[15]. Strain K235 has three peptidoglycan-associated proteins (Table I, Fig. 1)
which have not been characterized yet. The simplest explanation for the occur-
rence of a family of three peptidoglycan-associated proteins seems to be an
evolutionary multiplication of the gene that originally coded for one peptido-
glycan-associated protein, followed by modification (small deletions or inser-
tions) of one of more of the resulting genes. Gene multiplication might have
had an evolutionary advantage as much as about 10° copies of peptidoglycan-
associated proteins are present per cell [1]. This is approximately ten times
more than the number of individual ribosomal proteins in fast growing cells.

A number of gramnegative bacteria has been tested for the occurrence of
another major constituent of the outer membrane, the murein-lipoprotein
[10]. The murein-lipoprotein is present in E. coli, Salmonella and Serratia mar-
cescens [16]. The two Proteeae tested, Proteus vulgaris and Proteus mirabilis
were the only Enterobacteriaceae described that did not contain the murein-
lipoprotein. Also in Pseudomonas fluorescens lipoprotein linked to the murein
was absent [16]. Although the number of gramnegative bacteria tested for the
presence of murein-lipoprotein and peptidoglycan-associated protein is rather
small, the results suggest that Enterobacteriaceae have two ways to link pep-
tidoglycan with the outer membrane, namely by lipoprotein covalently linked
to peptidoglycan as well as by.their peptidoglycan-associated protein(s). The
only exceptions are found in the Enterobacteriaceae subgroup of Proteeae with
respect to murein-lipoprotein. In the small number of gramnegative rods tested
that do not belong to the family of Enterobacteriaceae neither protein could be
detected. It can be concluded that the distribution of major outer membrane
proteins and peptidoglycan-associated proteins among gramnegative bacteria
corresponds well with their taxonomic classification.

In the last part of this paper we shall propose that the general function of
peptidoglycan-associated proteins is the formation of hydrophilic pores
through the outer membrane. The outer membrane of S. typhimurium contains
such pores [17] with an exclusion limit between 600 and 800 daltons for oligo-
saccharides [18]. A pore-containing outer membrane of S. typhimurium can be
simulated in vitro. Liposomes containing phospholipids and lipopolysaccharide,
prepared in the presence of sucrose (342 daltons) and dextran (of 10 000 dal-
tons), are not leaky for these sugars [19]. However, the addition of an outer
membrane protein complex, containing only three protein species, induces the
leakage of sucrose but not of dextran. The addition of the matrix protein of E.
coli B, the only peptidoglycan-associated protein of this organism, to phospho-
lipid-lipopolysaccharide liposomes, also induces leakage of sucrose but not of
dextran [19]. Comparison of the molecular weights of the proteins in the
active complex of S. typhimurium [19] with those described for the major
outer membrane proteins of this organism [20], shows that all major outer
membrane proteins, except the fastest moving, heat-modifiable protein, are
present. Our results (Table II) show that the proteins in the active complex
then must correspond with the peptidoglycan-associated proteins. It therefore
appears that for both S. typhymurium and E. coli B the addition of peptidogly-
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can-associated proteins to phospholipid-lipopolysaccharide liposomes induces
aqueous channels.

Pore-forming proteins should span at least the lipid bilayer of the outer
membrane. Strong evidence for such properties exists for the two peptidogly-
can-associated proteins of E. coli K12. Protein b obviously interacts with the
heptose-bound phosphate group of lipopolysaccharide [ 5], which is assumed to
be present near the surface of the cell. Protein c is probably the receptor for
various phages [15,21]. Phages of S. typhimurium have also been described
which are specific for two of the three proteins present in the active complex
[22]. We therefore propose that peptidoglycan-associated proteins of all
Enterobacteriaceae span the outer membrane and form hydrophilic channels or
play a role in their formation. The pores in which peptidoglycan-associated pro-
teins participate are probably not the only hydrophilic pores present in Entero-
bacteriaceae as E. coli K12 mutants lacking both peptidoglycan-associated pro-
teins are perfectly viable [23] and therefore should be able to take up compo-
nents from the medium which should penetrate through aqueous pores.

The presence of lipopolysaccharide in liposomes in which channels are
induced [19] might not be accidental. Experimental evidence indicates the
existance of an interaction between protein b and lipopolysaccharide [5].
Moreover, protein c is absent in mutants which most likely have a changed lipo-
polysaccharide [15]. Therefore lipopolysaccharide and peptidoglycan-asso-
ciated proteins possibly interact with each other in the outer membrane and
both protein and lipopolysaccharide may be required for the formation of
hydrophilic pores.
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