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Freeze-fracturing of Escherichia coli cells in the presence of 30% (v/v) glycerol
resulted in a double cleavage of the cell envelope exposing two convex and two
concave fracture faces (PM, PM and CW2, C_W2) with characteristic patterns.
Complementary replicas revealed the relationship of the fracture faces to their cor-
responding fracture planes. The inner fracture plane splits the plasma membrane at
one particular level. Apparently the outer fracture plane was located in the outer
part of the wall, as it was separated by a layer (CW2) from the fractured profile
(CWI) presumably corresponding to the murein layer. The outer fracture plane
did alternate toward the cell periphery, exposing complementary smooth areas
(CW3 and CW3). When cells were freeze-fractured in the absence of glycerol, the
outer cell surface appeared as an etching face rather than a fracture face. A sche-
matic representation of the relative location of the different fracture faces in the E.
coli cell envelope is given.

Earlier electron microscopic studies have
shown the complexity of the structure of Escheri-
chia coli cell envelope. This information, derived
from observation of intact cells or isolated cell
envelopes, together with various chemical and
enzymatic treatments, was discussed extensively
by De Petris (5). More recently, freeze-frac-
turing has been used to study the ultrastructure
of the cell wall and the plasma membrane of E.
coli (1, 6, 11). The advantage of this technique is
that it gives a three-dimensional image of the cell
envelope. The different envelope layers observed
in freeze-fractured cells were compared with the
multilayered system observed in thin sections or
shadowed preparations (5, 8-10, 15), and a
model showing the spatial relationship of the dif-
ferent fracture faces was tentatively proposed
(11). The present investigation attempted to de-
fine the relative position of the different fracture
faces by using complementary freeze-fracture
replicas.

MATERIALS AND METHODS
Culture and medium. E. coli B was grown in Heart

Infusion Broth (Difco Laboratories, Detroit, Mich.), at
37 C, with continuous shaking. Logarithmically
growing cells were centrifuged at room temperature for
15 min at 7,000 x g. Glycerol at 30% (v/v) final con-
centration was added before harvesting. The pellet was
mixed thoroughly with a few Candida utilis cells of a
suitable size to facilitate finding the complementary

parts of fractured bacteria. C. utilis was grown at room
temperature on malt agar slants.

Freeze-fracturing. The final suspension was inserted
into four apposed specimen holders of the Denton
DFE-3 freeze-fracture apparatus (Denton Vacuum
Inc., Cherry Hill, N.J.). After freezing in Freon 22 (E.
I. duPont de Nemours & Co., Inc., Wilmington, Del.),
the specimens were transferred rapidly to a hinged
mounting cap assembly in liquid nitrogen. The loaded
cap assembly then was transferred to the precooled
(about - 180 C) table of the freeze-fracture apparatus.
The frozen specimens were fractured by tilting the
specimen table. When the precooled fracture bar was
held against the fracture arm of the specimen cap as-
sembly, the upper part of the apposed specimen holders
rotated 1800. After the specimens were etched for 3
min at -95 C, they were replicated with platinum-
carbon at a specimen temperature of - 130 to - 140 C.
The replicas were floated on double-distilled water con-
taining small amounts of detergent. They were cleaned
in a solution of hypochlorite and washed twice in
double-distilled water. The replicas then were picked up
either on uncovered copper grids or on Formvar-coated
grids reinforced with carbon, depending on the stability
of the replica. In the absence of glycerol, some speci-
mens were fractured in a Balzers apparatus as pre-
viously described (I I).

Electron microscopy. Complementary replicas were
scanned in a Philips EM200 or EM300 electron micro-
scope operating at 80 kv. Corresponding areas on both
replicas were identified by referring to the occurrence
and morphology of the added yeast cells. Final electron
micrographs were taken with the Philips EM300 elec-
tron microscope. In this report, micrographs are
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printed in reverse, and direction of shadowing is indi-
cated by an arrow in the lower right corner.

RESULTS
In describing the results, we refer to the termi-

nology previously used (11), taking into account
the recent observations on membrane splitting in
Bacillus subtilis (12).

Fracturing of E. coli cells frozen in the pres-
ence of 30% (v/v) glycerol commonly exposed
four fracture faces in the cell envelope. Two of
these fracture faces always appeared convex
(Fig. 1). The inner convex fracture face of the
planma membrane (PM) was densely packed
with particles; the outer convex fracture face
(CW2) had a surface on which numerous small
grooves and particles were irregularly distrib-
uted. The appearance of the inner convex frac-
ture face (PM) did not vary with the presence or
absence of glycerol. But the outer convex frac-
ture face (0W2), only rarely observed in the
absence of glycerol, was different: without glyc-
erol, a relatively smooth fracture face was ob-
tained (Fig. 2; see also reference 11, Fig. 4).
The prevalent concave fracture faces are

shown in Fig. 3. On the inner concave face (PM),
a sparse distribution of small particles and
somewhat larger holes was present. The under-
lying concave face (CW2) had a very dense
packing of flat particles with a diameter of ap-
proximately 10 nm (11). Irregularly shaped
smooth areas (CW3) at a level lower than that
of the closely packed elements were commonly
observed (Fig. 4). Occasionally, an additional
profile (CWI) could be seen between the concave
fracture faces PM and CW2 (Fig. 3). However,
no information about the structure of this area
was obtained as only its profile was revealed (1 1).
Complementary replicas were made to com-

pare the different fracture faces. Corresponding
fracture faces are shown in Fig. 5 and 6. The
outer convex fracture face (CW2) described in
Fig. I is apposed to the fracture face composed
of densely packed elements (C-W2) shown in Fig.
3. It should be noted that the surroundings of the
exposed cell envelope faces (Fig. 5) are not com-
plementary to each other. This might result from
slightly different etching conditions in the two
specimens. In F. 6, the corresponding outer
fracture faces (CW2 and CW2) are visible to-
gether with the convex and concave fracture
faces (PM and PM) of the plasma membrane.
The intermediate fracture profile (CWI) is ap-
parent on both replicas. This profile disappears
toward the outer surface at the left pole of the
upper cell, exposing a rough-textured gap be-
tween the fractured profiles of PM and CW2.
The smooth areas (CW3), shown in Fig. 4,

also appeared on complementary replicas, lo-

cated at the same sites on both fracture faces.
Because the convex fracture face (CW2) ap-
peared rather irregular and rough, these smooth
areas on the corresponding concave face (CW2)
could be observed more clearly. Interruptions in
the close arrangement of flat particles (CW2)
occurred freely at the boundary of the cell (Fig.
4, arrow 1). Thus, no structural difference be-
tween the smooth areas (CW3) and the medium
surrounding the cell was observed. However,
such an area appeared also at a different level,
indicated by a ridge at the cell boundary (Fig. 4,
arrow 2). The complementary part of a smooth
area extending towards the periphery of the cell
is shown in Fig. 7. We have no satisfactory ex-
planation for the appearance of the smooth areas
at two different levels.
When E. coli cells were harvested in early ex-

ponential growth and treated with lysozyme in a
stabilizing medium (2), spheroplasts were
formed after a 1:1 dilution of the stabilizing
agent with 10 mm tris(hydroxymethyl)amino-
methane buffer (pH 8.0). Freeze-fracturing of
spheroplasts in 0.25 M sucrose revealed typical
fracture faces of the plasma membrane. The re-
maining cell wall detached from the plasma
membrane was observed in cross-fracture only.

DISCUSSION
Multiple fracturing of the frozen cell envelope

of E. coli was described in earlier reports (6, 1 1),
and a three-dimensional reconstruction has been
given (11). The introduction of the technique of
complementary freeze-fracture replicas by Steere
and Moseley (Proc. 27th Annu. Meet. Electron
Microsc. Soc. Amer., p. 202-203) facilitated the
visualization of the spatial relationship of convex
and concave faces. In the present investigation,
this method was used to refine the previous
model (11), which was based on single replicas.
The best results were obtained, especially with
respect to the outer fracture plane, when cells
were frozen in 30% (v/v) glycerol. Under these
conditions, freeze-fracturing commonly exposed
four faces in the cell envelope (Fig. 1, 3). Com-
plementary replicas revealed directly their rela-
tionship to an inner and to an outer fracture
plane (Fig. 5, 6). The outer surface of the cell
(CW4), indicated by the appearance of flagella
(Fig. 2), was not observed unless the fractured
cells were etched in the absence of glycerol.
The inner fracture plane revealed the convex

face (PM) densely covered with particles; the
corresponding concave face (P1M) had fewer par-
ticles and small holes (Fig. 6), which appeared
less frequently at lower glycerol concentrations.
It has been shown earlier, on the basis of slightly
plasmolyzed cells, that these faces belong to the
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FIG. 1. Convex fracture faces of Escherichia coli cell envelope in the presence of 30% (v/v) glycerol. PM,
convex fracture face ofplasma membrane; C W2, convex fracture face of cell wall. Bar in upper right corner, Fig.
1-8, equals 0.1 jim.

FIG. 2. Convex fracture faces in the absence of glycerol. PM, convex fracture face ofplasma membrane; CW2,
convex fracture face ofcell wall; C W4, outer cell wall surface exposed by etching; F,flagellum.
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FIG. 3. Concave fracture faces. PM, concave fracture face ofplasma membrane; CWI and CW2, concave frac-
ture faces of cell wall. _

FIG. 4. Smooth areas (CW3) interrupting the CW2 fracture face. Arrow 1, smooth area continuous with sur-
roundings of cell; arrow 2, smooth area at a level higher than surroundings of the cell.
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FIG. 5. Complementary fracture faces in cell wall. a, CW2, convex fracture face; b, CW2, concave fracture
face.
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FIG. 6. Complementary fracture faces in cell envelope. PM and PM, fracture faces ofplasma membrane; CW2

and CW2,fracturefaces ofcell wall; CWI ,fracture profile between PM and CW2.
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plasma membrane (6, 11). The same fracture
faces have been observed in spheroplasts (unpub-
lished data). Thus, the presence of a unique frac-
ture plane exposing, in intact cells as well as in
spheroplasts, fracture faces from which no appre-
ciable amount of water disappears upon etching
may be considered an argument for the splitting
of the plasma membrane along inner hydro-
phobic regions as discussed extensively by
Branton (3). A unique fracture plane also was
inferred by Sleytr (14) by studying complemen-
tary fracture faces in protoplasts of B. stearoth-
ermophilus. From observations on complemen-
tary replicas and thin sections of freeze-fractured
cells, more direct evidence has been given for the
splitting of the plasma membrane in B. subtilis
(12). Therefore, the concept of membrane split-
ting, as contrasted to cleavage along both sur-
faces, may be a general feature of the freeze-
fractured bacterial plasma membrane.

In some instances, the convex fracture face
showed a netlike arrangement of particles (Fig.
8; reference 6). This pattern was revealed on the
complementary fracture face only with respect to
the areas devoid of particles.
The outer fracture plane revealed a rough

convex face (CW2), with the complementary
concave face characterized by the dense arrange-
ment of flat elements (6, 11) about 10 nm in
diameter (Fig. 5, 6). Originally, these elements
were interpreted as corresponding to globular
lipoprotein covalently bound to the murein (11).
This seemed plausible, as Braun and Sieglin re-
cently proposed a periodicity of 10.3 nm for the
attachment sites of lipoprotein molecules to the
murein layer (4; see also reference 7). However,
Fig. 6 shows that the outer fracture plane is sep-
arated from CWI by the convex complement

(CW2) of the concave layer of closely packed
elements (CW2). The outer fracture plane also
has interruptions near the cell periphery in the
CW2 fracture face, exposing smooth areas (Fig.
4, CW3). These smooth areas also were observed
on the complementary fracture face (CW2), and
appeared at different levels with respect to the
medium surrounding the cell (Fig. 4, arrows I
and 2; Fig. 7). Therefore, we tend to conclude
that the outer fracture plane is located in the
outer part of the cell wall. Using spheroplasts
would allow a more precise localization. But
unfortunately no fracture plane was observed in
the detached cell wall. Schnaitman recently
found substantial amounts of phospholipid and
protein in isolated E. coli cell wall fragments

wy;
FIG. 8. Convex fracture face of plasma membrane

with netlike arrangement ofparticles.

FIG. 7. Complementary replicas of a smooth area (arrows) extending freely into surrounding medium.
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FIG. 9. Reconstruction offreeze-fractured Escherichia coli cell envelope indicating relative positions offracture
faces. (Fracture face dimensions are arbitrary.) PM and PM, fracture faces in plasma membrane; CWI, presumed
fracture profile of murein layer; CW2, CW2 and CW3, CW3, fracture faces in cell wall; CW4, outer surface of
wall revealed by etching; F, flagella. The outer surface of the plasma membrane shown here was never observed.

(13). About 70% of the protein was identified as
a single species (molecular weight 44,000) which
was not bound to the murein layer. Schnaitman
assumed that this protein is located in the outer
cell wall, forming a lipoprotein membrane with
the phospholipid in which lipopolysacchande is
inserted. This evidence suggests that the outer
fracture plane results from the splitting of the
outer membrane, possibly exposing the single
protein species as the concave fracture face
(C W2).
A schematic representation of the various frac-

ture faces in the cell envelope is given in Fig. 9.
Of course, the technique of freeze-fracturing does
not give direct information on the chemical con-
stitution of the exposed structures.
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