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The affinity of the matrix protein, one of the major outer membrane proteins
of Escherichia coli, for the peptidoglycan was examined by extracting the cell
envelope complex at 55°C with 2% sodium dodecyl sulfate containing different
amounts of NaCl. It was found that the matrix protein was extracted from the
peptidoglycan of a mutant strain (/po) that lacks another major membrane
protein, the lipoprotein, at a lower NaCl concentration than was the matrix
protein of the wild-type cell (Ipo*). When the envelope fraction of the wild-type
strain was treated with trypsin, which is known to cleave the bound-form
lipoprotein from the peptidoglycan, the affinity of the matrix protein for the
peptidoglycan decreased to the same level as that of the affinity of the matrix
protein for the peptidoglycan of the mutant strain. It was further shown that
the free-form lipoprotein was also retained in the matrix protein-peptidoglycan
complex, although the extent of retention of the free form of the lipoprotein was
less than that of the matrix protein. These results indicate that both the free
and the bound forms of the lipoprotein are closely associated with the matrix
protein and that the bound form of the lipoprotein plays an important role in

the association between the matrix protein and the peptidoglycan.

The cell envelope of Escherichia coli consists
of two distinct membranes, the outer membrane
and the inner, or cytoplasmic, membrane (8, 26).
The cell wall, or peptidoglycan layer, is located
between the two membranes (26). The cytoplas-
mic membrane is known to have many impor-
tant functions, such as active transport, energy
metabolism, and synthesis of macromolecules.
On the other hand, the function of the outer
membrane is still rather obscure. However, the
outer membrane contains a protein composition
much simpler than that of the cytoplasmic mem-
brane. Because of this simpler composition of
membrane proteins, the outer membrane pro-
vides a good system for studying biosynthesis
and assembly of biomembranes (18). The outer
membrane consists of three major proteins, the
lipoprotein (2, 18), the matrix protein (29), and
the t0lG protein (6). Among them, the lipopro-
tein is the most abundant in E. coli and exists
in two different forms in the outer membrane,
a free form and a bound form, which is cova-
lently linked to the peptidoglycan (15, 20). The
entire chemical structure of the lipoprotein has
been determined (3, 11), and the mechanism of
biosynthesis of the lipoprotein has been well
documented (9, 10, 14, 15, 18, 20, 22). On the
basis of the primary structure of the lipoprotein,
three-dimensional molecular assembly models
have been proposed (2, 17). The matrix protein
was originally described by Rosenbusch (29). It

has a very strong affinity for the peptidoglycan,
thus remaining firmly bound to the peptidogly-
can when the whole envelope of E. coli is solu-
bilized in 2% sodium dodecyl sulfate (SDS) at
55°C. Currently, the matrix protein is claimed
to be a protein that forms passive diffusion pores
in the outer membrane (27). Another major
outer protein, the ompA (tolG) protein, has been
shown by Chai and Foulds (6) to be required
for susceptibility to a certain class of colicins.
The matrix and tolG proteins are sometimes
described as proteins I and IT* (13).

It is intriguing to know how these major pro-
teins are assembled in the outer membrane and
whether there are any interactions between
these proteins. In the present paper, we have
studied interactions between the lipoprotein and
the matrix protein and have found that the
bound-form lipoprotein plays an important role
in the affinity of the matrix protein for the
peptidoglycan. Furthermore, we have found that
the free-form lipoprotein is also retained by the
peptidoglycan along with the matrix protein,
suggesting that there are close associations
among the free and bound forms of the lipopro-
tein and the matrix protein.

MATERIALS AND METHODS

Bacterial strains. The following two E. coli K-12
strains were obtained from Y. Hirota, National Insti-
tute of Genetics, Mishima, Japan: JE5505 F~ lpo pps
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his proA argE thi gal lac xyl mtl tsx; JE5506 F~ pps
his proA argE thi gal lac xyl mtl tsx (16).

Culture medium. Cells were grown in L-broth at
37°C (25) and harvested at about 5 X 10° cells per ml.

Preparation of cell envelope fractions. The en-
velope fractions were prepared as described previously
(19). In some experiments, the envelope fraction from
about 10" cells was treated for 1 h at 37°C with 100
ug of trypsin per ml in 5 ml of 10 mM sodium phos-
phate buffer, pH 7.2. The trypsin treatment was ter-
minated by adding 100 pg of soybean trypsin inhibitor
(Sigma) per ml (22).

SDS extraction. The final envelope fractions from
about 10™ cells were suspended in 5 ml of 2% SDS in
10 mM tris(hydroxymethyl)aminomethane buffer, pH
7.4, containing 10% glycerol and various amounts of
NaCl (29). The suspensions were incubated at 55°C
for 30 min and then centrifuged at 20°C and 100,000
X g for 60 min. The pellets were solubilized in a boiling-
water bath for 13 min in 200 ul of 2% SDS in 10 mM
tris(hydroxymethyl)aminomethane buffer, pH 7.2,
containing 20% glycerol.

SDS-gel electrophoresis. SDS-polyacrylamide
slab gel electrophoresis was carried out with 17.5%
acrylamide according to the method of Anderson et
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al. (1). To obtain better separation of smaller-molec-
ular-weight proteins, NaCl was added at a final con-
centration of 0.07 M in the running gel. Gels were
scanned with a Joyce-Lobel 3CS microdensitometer.
Areas of the peaks were determined by tracing with a
Numonics Corp. electronic graphics calculator.

RESULTS

Retention of matrix protein by peptido-
glycan. Rosenbusch showed that the matrix
protein was retained by the peptidoglycan when
the cell envelope fraction was extracted with 2%
SDS as 60°C (29). Figure 1A-2 shows an SDS-
gel pattern of the envelope proteins of the wild-
type (lpo*) cells retained by the peptidoglycan
after extraction with the same SDS solution as
described by Rosenbusch (29), except the ex-
traction was carried out for 30 min at 55 instead
of 60°C. It can be seen that a substantial amount
of the matrix protein (band a) was retained by
the peptidoglycan when compared with total
envelope proteins (Fig. 1A-1). Longer extraction
periods did not decrease the amount of retained

FiG. 1. SDS-polyacrylamide gel electrophoresis of the matrix protein and the lipoprotein retained by the
peptidoglycan from lpo* and Ipo cells after extraction with 2% SDS in the presence of various concentrations
of NaCl. Cell envelopes were prepared as described in the text. They were then extracted for 30 min at 55°C
with 2% SDS in 10 mM tris(hydroxymethyl)aminomethane-hydrochloride buffer, pH 7.2, containing 10%
glycerol and various concentrations of NaCl (see text). (A) Samples from Ipo* cells: whole cell envelope
proteins without extraction (1); proteins retained by the peptidoglycan after the extraction in the absence of
NaCl (2), or in the presence of 0.01 (3), 0.025 (4), 0.050 (5), or 0.100 (6) M NaCl. (B) Samples from Ipo cells:
whole cell envelope proteins without extraction (1); proteins retained by the peptidoglycan in the absence of
NaCl (2), or in the presence of 0.010 (3), 0.025 (4), 0.050 (4), or 0.100 (6) M NaCl. Arrows a and b indicate the
positions of the matrix protein and the lipoprotein, respectively. Small arrows on the top of the gel indicate
the origin of gel electrophoresis.
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matrix protein (data not shown). It should be
noticed that almost all other major envelope
proteins except the lipoprotein (band b) were
removed by the extraction. When NaCl was
added to the extraction solution, it appears that
the amounts of the matrix protein as well as
the lipoprotein retained by the peptidoglycan
gradually decreased as a function of NaCl con-
centration (Fig. 1A-3 to -6).

Similar experiments were performed with an
Ipo mutant that lacks both the free and the
bound forms of the lipoproteins (16). Fig. 1B-1
shows an SDS-gel pattern of the total envelope
proteins of the lpo cells, in which no lipoprotein
band is apparent. Figure 1B-2 to -6 shows SDS-
gel patterns of the envelope proteins retained
by the peptidoglycan after SDS extraction in
various concentrations of NaCl. It can be seen
that a smaller amount of matrix protein is re-
tained by peptidoglycan from /po cells than is
retained by peptidoglycan from lpo* cells.

To quantitate the amounts of the matrix pro-
tein retained by the peptidoglycan, the gel pat-
terns of Fig. 1 were scanned by a microdensitom-
eter, and the areas of the peaks were measured.
Figure 2 shows the result expressed by percent
retention, in which the amounts of the matrix
protein in the whole cell envelope fractions (Fig.
1A-1 and B-1) were taken as 100%. In the case
of the lpo* cells, about 70% of the matrix protein
was retained in the absence of NaCl, whereas
20% was retained in the case of the Ipo cells.
When up to 0.025 M NaCl was added to the
SDS, the percent retention values of the matrix
protein of the /po* cells remained almost con-
stant at 60%. On the other hand, the percent
retention values dropped to about 10% in the
case of the lpo cells. This indicates that the
affinity of the matrix protein for the peptidogly-
can in the lpo* cells is markedly greater than
that for the peptidoglycan in the lpo cells under
these conditions. As the concentrations of NaCl
were further increased, the percent retention
values of the matrix protein of the lpo* cells
gradually decreased. This indicates that the re-
tention of the matrix protein is due to ionic
interaction. It should be noted that the total
amounts of the matrix protein in the whole cell
envelope fractions were the same in both the
Ipo* and the Ilpo cells (Fig. 1A-1 and B-1, re-
spectively).

Retention of the free-form lipoprotein.
The complex retained not only the matrix pro-
tein but also the free form of the lipoprotein
(Fig. 1A). Figure 3 shows the percent retention
of the free-form lipoprotein obtained by quanti-
tative measurement of Fig. 1A as described for
Fig. 2. It can be seen that the free-form lipopro-
tein was dissociated from the matrix protein-
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peptidoglycan complex as the concentrations of
NaCl were increased, as in the case of the matrix
protein. However, it should be pointed out that
the percent retention values for the lipoprotein
were always lower than those for the matrix
protein at any NaCl concentration. The ratios
of the percent retention values of the free form
lipoprotein to those of the matrix protein (Fig.
3) were calculated to be 0.91, 0.71, 0.46, and 0.29
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FiG. 2. Retention of the matrix protein bound to
the peptidoglycan of Ipo* and lpo cells after the SDS
extraction at different NaCl concentrations. Data
were obtained from the gel shown in Fig. 1. The
amounts of the matrix protein were measured by
scanning the gel stained by Coomassie brilliant blue,
as described in the text. Closed and open circles
represent the percent retention of the matrix protein
by the lpo* peptidoglycan and the lpo peptidoglycan,
respectively. The amount of the matrix protein in the
whole cell envelope (Fig. A-1 and B-1) is expressed
as 100%.
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Fi1G. 3. Comparison of the retention of the matrix
protein and the free form of the lipoprotein by the
peptidoglycan of the lpo* cells after SDS extraction
at different NaCl concentrations. Data were obtained
from the gel shown in Fig. 1A. Closed and open
circles represent the percent retention of the matrix
protein and the free form, respectively, by the pepti-
doglycan of lpo* cells. The amounts of the matrix
protein and the lipoprotein in the whole cell envelope
(Fig.1 A-1) are expressed as 100%.
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at0,0.010, 0.025, and 0.050 M NaCl, respectively.
These results indicate that the free form of the
lipoprotein is also retained by ionic interactions
in the matrix protein-peptidoglycan complex
and that the affinity of the lipoprotein for the
complex becomes progressively weaker, in com-
parison with that of the matrix protein for the
peptidoglycan, as the concentrations of NaCl
increase.

Role of the bound-form lipoprotein. The
above results suggest that the lipoprotein plays
an important role in the retention of the matrix
protein by the peptidoglycan. However, it is
unlikely that the free-form lipoprotein is essen-
tial for the retention, since the extent of the
retention was always greater for the matrix pro-
tein than for the free-form lipoprotein (Fig. 3).
Therefore, it appears that the bound form of
the lipoprotein plays a major role in the reten-
tion of the matrix protein by the peptidoglycan.
To prove this, we treated the cell envelope frac-
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tions with trypsin. It is known that trypsin
cleaves the bound-form lipoprotein from the
peptidoglycan, although both the lipoprotein
and the matrix protein are resistant to trypsin
digestion (21). Figure 4A-4 and B-4 shows the
gel patterns of trypsinized whole envelope frac-
tions of the {po* and the po cells, respectively.
It was found that 100% of the matrix protein
(band a) was recovered in both cases after the
trypsin treatment, when compared densitomet-
rically with the gel patterns of the undigested
envelope fractions (Fig. 1A-2 and B-1). On the
other hand, in the case of the lpo* cells, the
amount of the lipoprotein increased by about
50% in the trypsin treatment (band b, Fig. 4A-
4), because the bound form of the lipoprotein
was cleaved from the peptidoglycan, to become
free form. The amount of the bound form of
the lipoprotein is known to be one-half of that
of the free form (20). Furthermore, it should be
noticed that another major band (band c, Fig.
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F1G. 4. Effect of trypsin digestion on the retention of the matrix protein by the peptidoglycan. Preparation

of cell envelope fractions and trypsin treatment of the envelope fractions were carried out as described in
the text. They were then extracted with 2% SDS in the absence and presence of 0.05 M NaCl as described in
the text. (A) samples from Ipo* cells; (B) samples from Ipo cells. (1) Whole cell envelope proteins without
trypsin treatment; (2) retained proteins after extraction in the absence of NaCl; (3) retained proteins after
extraction in the presence of 0.05 M NaCl; (4) whole cell envelope proteins after trypsin treatment; (5) same
as (2), except the envelope fraction was treated with trypsin before the extraction; (6) same as (3), except the
envelope fraction was treated with trypsin before the extraction. Arrows a, b, and c indicate the positions of
the matrix protein, the lipoprotein, and the tolG protein, respectively. Small arrows on the top of the gel
indicate the origin of gel electrophoresis. Other small arrows in (A-4) and (B-4) indicate new bands formed
by the trypsin treatment.
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4A-1 and B-1) in the undigested envelope frac-
tions disappeared after trypsin treatment (Fig.
1A-4 and B-4). This band has been identified
as tolG protein (6). This protein has been shown
to be sensitive to trypsin digestion, producing a
smaller-molecular-weight band from the ompA
(tolG) protein, shown by small arrows in Fig.
4A-4 and B-4 (18, 22).

Both the undigested and the digested enve-
lope fractions were then extracted with 2% SDS
with and without 0.05 M NaCl. It can be seen
in Fig. 4A-5 and -6 that the affinity of the matrix
protein of the /po* cells for the peptidoglycan
was reduced after trypsin treatment to the level
of that of the Ipo cells (Fig. 4B-2 and -3). In the
absence of NaCl, the percent retention value of
the matrix protein of the Ipo* cells (obtained as
described for Fig. 2) dropped drastically, from
48% (Fig. 4A-2) to 8% (Fig. 4A-5), as a result of
trypsin treatment. The latter value is very close
to those for the lpo cells, 4% for the undigested
(Fig. 4B-2) and 12% for the digested (Fig. 4B-5)
envelope fractions. In the presence of 0.05 M
NaCl, the percent retention value was changed
from 23% (Fig. 4A-3) to 6% (Fig. 4A-6) by trypsin
treatment, again close to those for the Ipo cells,
4% for the undigested (Fig. 4B-3) and 5% for
the digested (Fig. 4B-6) envelope fractions.
There was also a dramatic loss of retention of
the free form of the lipoprotein after trypsin
treatment (band b, Fig. 4A-5 and -6). From these
results, we conclude that the bound form of the
lipoprotein plays an essential role in the reten-
tion of the matrix protein and the free form of
the lipoprotein by the peptidoglycan.

DISCUSSION

The matrix protein of the E. coli outer mem-
brane is known to have a strong affinity for the
peptidoglycan, so it can be retained on the pep-
tidoglycan even after the envelope fraction has
been treated at 55°C in 2% SDS (29). However,
since the matrix protein can be dissociated from
the peptidoglycan under the same conditions by
adding NaCl (12), the two components are as-
sumed to be held together mainly by ionic inter-
action. In the present paper, it has been shown
that the free and bound forms of the lipoprotein
are also closely associated with the matrix pro-
tein by ionic interactions and that the bound-
form lipoprotein plays an important role in re-
taining the matrix protein on the peptidoglycan,
according to the following facts. (i) The affinity
of the matrix protein for the peptidoglycan layer
was substantially reduced in a mutant strain
(Ipo) lacking the lipoprotein. (ii) The affinity of
the matrix protein for the peptidoglycan in the
wild-type strain (/po*) could be reduced to the
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level of the /po mutant by pretreating the lpo*
envelope fraction with trypsin; the trypsin treat-
ment is known to cleave the bound-form lipo-
protein from the peptidoglycan (21). (iii) The
free-form lipoprotein was also retained in the
matrix protein-peptidoglycan complex. (iv) The
affinity of both the matrix protein and the free-
form lipoprotein for the peptidoglycan decreased
as NaCl concentrations in SDS solution for ex-
traction increased.

Therefore, one can conclude that one of the
major factors binding the matrix protein on the
peptidoglycan is ionic interaction between the
matrix protein and the bound-form lipoprotein.
It is not certain at present to what extent this
interaction contributes to maintaining the com-
plex. However, the interaction between the ma-
trix protein and the bound-form lipoprotein
seems to be more important than that between
the matrix protein and the peptidoglycan, at
least under the condition of 2% SDS containing
0.025 M NaCl (Fig. 2), where about 60% of the
matrix protein was retained on the peptidogly-
can in the case of the lpo™ strain, in contrast to
about 10% in the case of the [po strain. It should
be noted that the phospholipids and lipopoly-
saccharides do not play a major role in the
retention of the matrix protein by the peptido-
glycan, since more than 95% of the phospholipids
and lipopolysaccharides were extracted by 2%
SDS, even in the absence of NaCl, for both the
Ipo* and the lpo cells (data not shown).

An interesting observation in this study is the
retention of the free form of the lipoprotein
within the matrix protein-bound-form lipopro-
tein-peptidoglycan complex. The free-form lip-
oprotein may be directly associated with the
bound-form lipoprotein through ionic interac-
tions, as previously proposed (17). Alternatively,
the free-form lipoprotein may have ionic inter-
actions with the matrix protein, with or without
direct interactions with the bound-form lipopro-
tein. In this regard, it has recently been reported
that lipoprotein molecules can be cross-linked
in the intact membrane (28). Furthermore, we
have shown that the purified lipoprotein can
form paracrystals with an ordered ultrastructure
(7), and the lipoprotein aggregates can be formed
through ionic interactions (N. Lee, S. Tu, and
M. Inouye, manuscript in preparation). These
results imply the existence of direct interactions
between the molecules of lipoprotein them-
selves.

It should be noted that all experiments in the
present study were carried out in the absence
of magnesium ions. When magnesium ions were
added to 2% SDS used for extraction, it was
found that the matrix protein became insoluble
whether the envelope fractions were prepared
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from Ipo* or lpo strains (data not shown). More
strikingly, the matrix protein was insoluble in
the presence of magnesium ions even when the
peptidoglycan had been digested with T4 phage
lysozyme before extraction (data not shown). In
a reconstitution experiment using the matrix
protein and peptidoglycan of E. coli, it has been
reported that, in the presence of 5 mM magne-
sium ions, the presence of the bound-form lipo-
protein was not necessary for the reconstitution
of the matrix protein-peptidoglycan complex
(12). Furthermore, high concentrations of mag-
nesium ions were sufficient to cause the precip-
itation of the matrix protein from the SDS so-
lution, without the addition of peptidoglycan
(12). Thus, it appears that magnesium ions are
not only a factor in binding the matrix protein
to the peptidoglycan, but they also appear to
participate in the interaction between the matrix
protein molecules themselves. Our preliminary
experiments and the reconstitution experiments
of other investigators (32) indicate that the li-
popolysaccharide on the outside of the outer
membrane also participates with the magnesium
ions in these matrix protein interactions.
Besides the interactions between the matrix
protein and the lipoprotein shown in the present
paper, there are many other observations that
pertain to the molecular assembly of the proteins
of the outer membrane of E. coli. Among these
are the observations of the relative positions of
the matrix protein and the lipoprotein in the
outer membrane. Both proteins have been
shown to be partially exposed on the outside of
the outer membrane (4, 23) as well as on the
inner surface, associated with the peptidoglycan
(2, 29, 31). In fact, the matrix protein was ob-
served as an ordered, almost crystalline, array
on the peptidoglycan (31), and it seems to be
necessary for the penetration of S-lactam anti-
biotics into the cell (27). The possibility that
either the matrix protein or the lipoprotein or
both might be responsible for the passive diffu-
sion of small molecules through the outer mem-
brane is not refuted by these structural data,
by our new data from the present work (17, 27),
or by the existence of mutants lacking the lipo-
protein or the matrix protein (16, 30). High
contents of B-sheet structure in the matrix pro-
tein (29) and a-helical structure in the lipopro-
tein (5, 24) should also be taken into account
when considering the functions and interaction
of these two proteins.
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