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Autoradiography of cell envelope "ghosts" from Escherichia coli was used to
demonstrate that newly synthesized molecules of "matrix" protein are inserted at
random locations over the entire surface of the outer membrane and that, once
inserted, these molecules are not thereafter conserved in any fixed spatial location.

The cell envelope of Escherichia coli is a
complex structure which is basically composed
ofthree distinct layers: (i) the cytoplasmic mem-
brane consisting of proteins and phospholipids,
(ii) the peptidoglycan layer, and (iii) an outer
membrane containing proteins, lipopolysaccha-
ride, and phospholipids (15). Many growth stud-
ies have been carried out on the cell envelope;
nevertheless, contradictory conclusions have
been drawn from these studies. The evidence in
this field can be divided into two broadly based
contradictory groups: (i) the evidence that sup-
ports the view that cell wall growth is an inter-
calary process which allows components to dif-
fuse into the wall at random (3, 8, 12, 18), and
(ii) the evidence which forms the tenet that
envelope growth involves localized insertion of
new material into a few "growth zones" per cell
(4, 5, 7, 11).
Rosenbusch (16) has described a technique

which produces rod-shaped cell "ghosts" con-
taining the peptidoglycan layer of the cell en-
velope surrounded by one major outer mem-
brane protein (matrix protein). This indicates
that such ghosts could be used to determine the
conservation or dispersion ofmatrix protein dur-
ing growth of the cell. Lugtenberg et al. (13)
have shown that this matrix protein corresponds
with their protein b when isolated from B strains
of E. coli but consists of two proteins, b and c,
when isolated from K-12 strains. B strains of E.
coli do not contain protein c, and the original
report of matrix protein was from a B-derived
strain of E. coli.
This report describes results obtained when

celis of E. coli K-12 and B/r were pulse-labeled
with [3H]histidine and subsequently allowed to
continue growing in the presence of low concen-
trations of penicillin to inhibit division (17). An
experiment involving pulse-labeling of pre-
formed filaments to determine any localization
at the time of incorporation is also described.

MATERIALS AND METHODS

Strains and growth conditions. The strains used
were E. coli KM7 K-12 Thr- Leu- (14) and E. coli
B/r ATCC 12407 (9).

Cells were grown in minimal medium (M9 salts
[1]) plus 0.2% glucose plus required amino acids at 20
Ag/ml in a shaking water bath at 37°C. Doubling times
were 60 min for KM7 and 41 min for B/r.

Penicillin was used at concentrations of 60 U/ml for
KM7 and 30 U/ml for B/r.

Labeling with [HJhistidine. Radioactive histi-
dine was chosen as the label because it is not inserted
into the lipoprotein described by Braun and Rehn (6)
which is covalently bound to the mucopeptide.

Growing cells were concentrated on a HAWP filter
membrane (Millipore Corp.) (pore size, 0.45 pm) and
resuspended in a small volume of growth medium
containing [3H]histidine (47 Ci/mmol) at 20,Ci/ml
(0.066 pg/ml) for the required pulse time. The pulse
was stopped by washing the cells on a Millipore mem-
brane filter with phosphate-buffered saline containing
nonradioactive histidine at 100 Ag/ml.
Ghost preparation. Washed cells were suspended

in extraction buffer containing 2% sodium dodecyl
sulfate in 10 mM tris(hydroxymethyl)aminomethane-
hydrochloride, pH 7.3, containing 10% glycerol and 0.7
M 2-mercaptoethanol and heated to 60°C for 30 min.
The resulting ghosts were washed three times with
distilled water. Ghosts prepared by this technique
were analyzed on polyacrylamide gels, and it was
found, as other workers have found (13, 16), that
matrix protein was the only protein present.

Sacculi controls were prepared by heating a portion
of each cell sample to 100°C for 30 min.
Autoradiography. Ghosts were spread on clean

glass microscope slides, dried, and overlaid with a thin
layer of Ilford L-4 nuclear emulsion. Slides were kept
in light-proof boxes and subsequently developed using
Kodak D19b developer and Kodak F24 fixer. Autora-
diograms were stained for 30 min with 1% methyl
violet.

Collection of data. Autoradiograms were exam-
ined in a Zeiss Photo-Microscope, and photographs
were taken by using Pan-F film (Ilford). Prints were
made, and the positions of the grains along each
filament were measured. Grain positions were ex-
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pressed as fractional distances from the nearer of the
two cell poles.

RESULTS
Figures 1 and 2 show the grain distribution

obtained when KM7 cells were pulsed with
[3H]histidine for 10 min, chased with unlabeled
histidine, and allowed to continue growing for
two mass doublings in the presence of penicillin
(60 U/ml). Autoradiograms of ghosts were pre-
pared and grain positions were measured as de-
scribed above. The grains appear to be randomly
distributed over the entire surface of the ghosts.

Figure 3 shows the grain distribution obtained
when B/r cells were pulsed with [3H]histidine
for 5 min and treated as above. Again the grains
appear to be distributed at random over the
surface of the ghosts.

Figure 4 shows the grain distribution given
when filaments ofKM7 cells, formed by treating
growing cells with penicillin (60 U/ml) for two
mass doublings, were pulsed with [3H]histidine
for 1 mm immediately before ghost preparation.
The grains are randomly located over the surface
of the ghosts.

Figure 5 shows a control preparation of sacculi
prepared from KM7 cells by heating Rosen-
busch ghosts to 1000C for 30 min to remove
matrix protein. The peptidoglycan sacculi can
clearly be seen to be unlabeled.

Figure 6 shows a control preparation obtained
by mixing equal proportions (mass) of penicillin-
induced filaments labeled with [3H]histidine and
unlabeled normal-sized cells of E. coli KM7
before ghost preparation. The label is clearly
confined to the filaments, indicating that matrix
protein does not dissociate and reassociate dur-
ing ghost preparation.

DISCUSSION
Matrix protein (b and c) represents approxi-

mately 35% of the total outer membrane protein
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FIG. 1. Distribution of grains (304 grains mea-
sured) on the surface of cells ghosts of E. coli KM7.
Cells were pulse-labeled with [3HJhistidine for 10
min and subsequently grown for two mass doublings
in the presence of 60 U of penicillin per ml. The
distance of each grain from the nearer pole was
measured and expressed as a fraction ofthe total cell
length.
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FIG. 2. Photomicrograph of ghosts described in
Fig. 1. Bar is 10gm.
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FIG. 3. Distribution of grains (102 grains mea-
sured) on the surface of ceU ghosts of E. coli Blr.
Cells were pulse-labeled with [3H]histidine for 5 min
and subsequently grown for two mass doublings in
the presence of 30 U of penicillin per ml. Data ex-
pressed as in Fig. 1.

of the cell envelope in E. coli (13) and appears
to be arranged in a lattice structure ofhexagonal
symmetry (16). It has been shown that matrix
protein is closely associated with lipopolysaccha-
ride, and it has been suggested that matrix pro-
tein, together with lipopolysaccharide, forms hy-
drophilic pores in the outer membrane (13).
The experiments described in this communi-

cation suggest that matrix protein is not spatially
conserved in the cell envelope and tends to move
freely and at random over the surface. In addi-
tion, it would appear from the experiments with
preformed filaments that it is not even localized

J. BACTERIOL.



VOL. 135, 1978

for short periods at the time of incorporation.
Although matrix protein does not appear to
dissociate and reassociate during ghost prepa-
ration (Fig. 6) and has been shown to maintain
a regular pattern when isolated in conjunction
with mucopeptide (16), the possibility still exists
that the random distribution of label observed
in this communication is a result of procedural
artifacts which cause relocation of matrix pro-
tein within individual cells, and unfortunately
the technology to prove or disprove this does
not as yet exist.
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FIG. 4. Distribution of grains (364 grains mea-
sured) on the suface of ceU ghosts of E. coli KM7.
Cells were grown for two mass doublings in the pres-
ence of 60 U ofpenicilin per ml before being pulse-
labeled with [3HJhistidine for 1 min immediately
before ghost preparation.
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FIG. 5. Photomwrograph ofsaccu-prepared from
[3HJhistidine-labeled ghosts of E. coli KM7 cells by
heatig to 100fC in soduwn dodecyl sulfate to remove
matrix protein. Bar is 10um.

4%

n:'t/1'.
CL

0-a

J
% ..e

I., a .
A0

FIG. 6. Photomicrograph ofghosts prepared from a mixture of [3HJhistidine-labeled filaments and unla-
beled normal-sized cels of E. coli KM7 mixed in equal proportions (mass) before ghost preparation and
autoradiography.
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It has been shown that mutant cells of E. coli
which lack matrix protein can exist and grow
quite normally without it (2, 10). This, combined
with the information that the proportion of ma-
trix protein and other outer membrane proteins
can vary with cultural conditions (13), and the
results shown in this paper, suggest that matrix
protein is not part of any conserved structure in
the cell envelope.
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