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The effect of Mgt starvation on the structure of the Escherichia coli cell mem-
brane was studied with the freeze-etch technique. Special attention was paid to
changes within the plane of the membrane, which in normal exponentially growing
cells has a netlike arrangement of particles 2 to 6 nm in diameter. During Mg**
starvation, a paracrystalline particle pattern appeared on the plasma membrane,
and large areas devoid of particles were seen. Although these changes are repro-
ducibly associated with Mg* starvation of the bacteria, no decrease in the Mg*+
content of the cell envelope per se was detected, even after 24 hr of Mg*™* depriva-
tion. The structural changes caused by Mg**+ deprivation appeared to involve
specific and permanent alterations in membrane development. The absence of other
nutrients or divalent cations did not induce similar alterations.

Magnesium deficiency in the gram-negative
bacterium Escherichia coli has been reported to
cause formation of filaments and changes in the
permeability of the cell membrane (5). Electron
microscopy of thin sections of E. coli strain B has
shown that, during prolonged Mg+ starvation,
the plasma membrane proliferates and infolds
near the ends of the cell (9, 16). The infolded
membranes may exhibit regularly spaced, lamellar
structures with a repeat distance of 10 nm (16).
However, it is not apparent how these infoldings
are related to observed permeability changes (5),
which one would expect to be caused by more
restricted structural changes within the plane of
the plasma membrane.

Because standard thin-sectioning techniques
are not particularly well suited to the study of
structural heterogeneity in bacterial membranes,
we have examined the effects of Mgt starvation
in E. coli by the freeze-etch technique (18, 25).
This method produces a three-dimensional rep-
lica of chemically untreated cells and provides
clear evidence of structural changes in the plane
of the bacterial cell membrane during Mgt+
starvation.

MATERIALS AND METHODS

Organism and culture methods. The strain used,
E. coli B/r/1, was obtained from D. J. Clark and was
grown at 37 C in a glucose-supplemented mineral
medium (7). For the starvation studies, MgCl, was
replaced by NaCl, and the medium was further
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purified by allowing a culture of B/r/1 to use up any
contaminant Mg*+. This Mg*+-free medium was
resterilized by passage through a membrane filter
(Millipore Corp., Bedford, Mass.), and extra glucose
was added. A culture growing exponentially in me-
dium with MgCl, was filtered; the bacteria were
washed three times with prewarmed Mg*+-free me-
dium and were resuspended in the Mg++*-free medium
at 37 C. Control experiments with similarly prepared
and preutilized media, but with Mg*+ subsequently
added, supported normal E. coli growth.
Freeze-etching. Exponentially growing cells and
cells deprived of Mg** for various lengths of time
were chilled in an ice bath, centrifuged, and resus-
pended in the same volume of medium with 209,
glycerol. After 3 hr at 4 C to reverse the slight plasmol-
ysis that may arise initially on transfer to glycerol,
the bacteria were centrifuged, and small samples of
the pellet were frozen in Freon-22, cooled by liquid
nitrogen. The cells were freeze-etched and the replica
was cleaned, following the procedure of Moor and
Miihlethaler (17). Except for Fig. 2, etching time was
2 min at —100 C. The replica was picked up on an
uncovered grid and examined in a Siemens Elmiskop
I. In all micrographs, shadows appear white and
shadow direction is given by the encircled arrow.
Control cells frozen in their growth media without
added glycerol showed the same salient structures
described here for glycerol-treated cells; however,
they were distorted by ice crystal growth and there-
fore difficult to use for illustrative purposes.
Isolation of cell envelopes and Mg*++ determination.
Bacteria were centrifuged in the cold, resuspended in
deionized water at O C, and sonically disrupted with a
Biosonik II ultrasonic probe for two 90-sec periods
separated by 5 min of cooling. The wall plus mem-
brane fraction was isolated by centrifugation (13,000
X g, 15 min at 6 C) through a linear sucrose gradient
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in D,O with density from 1.09 to 1.25 (24). The un-
broken bacteria sedimented to the bottom, whereas
the envelopes were found in two bands. The slower
moving band contained small wall fragments, and the
faster moving band contained envelopes correspond-
ing to half a bacterium. Electron microscopy of nega-
tively stained material from the latter band showed
that the plasma membrane was contained inside the
cell wall. Both bands were washed separately six times
by centrifugation at 4 C with deionized water.

To determine the Mg+*+ content, both whole cells
and the purified envelope fractions were wet-ashed
with sulfuric acid and hydrogen peroxide. After
appropriate dilution, the Mg*+ content was measured
in a double-beam atomic absorption spectropho-
tometer and was expressed per unit dry weight of
material. Limited sample size made it difficult to
determine dry weight of the envelope fractions gravi-
metrically. The culture medium was therefore supple-
mented with 4C-glucose (uniformly labeled, 2 mg/
ml, 0.01 uc/ml), and the ratio of C counts to dry
weight was established with whole cells. This was
done by bringing 1-ml samples of whole cells to 59,
with trichloroacetic acid, waiting 30 min, collecting
on membrane filters, drying, weighing, and counting
in a scintillation spectrometer. The dry weight of the
material in similarly collected 0.1-ml samples of en-
velope fractions was estimated, with the whole-cell
14C count to dry weight ratio.

RESULTS

Normal and Mg*+-depleted growth. Figure 1
shows the typical growth history of a culture such
as those sampled for electron microscopy and
illustrated in Fig. 2 to 12. After transfer to Mg*+-
free medium, growth stopped within 3 hr after
about a 1009, increase in optical density (OD) at
450 nm. OD remained constant during continued
starvation up to 24 hr. The cells became 109,
smaller in diameter during the first hours of
starvation, as measured on a Coulter counter
modified to analyze the impulses in a 512-channel
pulse-height analyzer (D. A. Glaser). No filament
formation was observed. Plate counting indicated
that viability remained constant for 12 hr. After
24 hr of Mg** starvation, only 29, of the cells
retained colony-forming ability.

Exponentially growing cells. Frozen-etched E.
coli cells did not have the wrinkled walls seen
after fixation for thin-section microscopy. The
only structures seen on the strain B/r/1 surface
were globules ranging in size from 13 to 35 nm in
diameter (Fig. 2). These globules were especially
numerous over the constriction line in dividing
cells, but were also seen in the suspending me-
dium. They may correspond to the mucopeptide-
free vesicles of outer wall material found by de
Petris (21) in thin sections. Remsen (22) noted
similar globules in Bacillus subtilis.

The fracture process used in freeze-etching
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FiG. 1. E. coli B/r/1 growing exponentially in mini-
mal medium with MgCl, was transferred to Mg++-
depleted medium at time zero. Bacteria were prepared
for freeze-etching before transfer and at 3, 12, and
24 hr after transfer, as indicated by the arrows. An
OD of 0.100 represented 4 X 10" to 5 X 107 bacteria
per mi.

cracked exponentially growing cells in the cell
wall and in the plasma membrane (Fig. 3 to 5, 7).
The outermost wall layer that broke off was
about half the thickness of the following layer
which comprised the rest of the wall and part or
all of the cell membrane. The relative width of
the outer layer suggests that the fracture may
occur in the “soft layer”” of de Petris (20), that is,
at the outer triple-layered structure seen in thin-
section micrographs.

Fractures along the convex face of the plasma

membrane (ﬁ) exposed a netlike arrangement of
particles 2 to 6 nm in diameter (Fig. 3 and 4),

whereas the concave membrane face (\I\i; Fig. 3
and 5) showed only scattered particles of the same

N s
size. We could demonstrate that both M and M
are views of the plasma membrane (and not wall
material) by examining plasmolyzed cells (not
illustrated) in which the cell membrane was com-
pletely retracted from the cell wall. Apparent
connections between the membrane and the
overlying wall layers (Fig. 3a) may be real fibers or
artifacts of the fracture process (6). They have
been noted in other bacteria (23).
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Fractures through the cell (Fig. 3 and 7)
revealed two distinct features in the otherwise
granular cytoplasm: small circular bodies, also
observed in thin-section electron micrographs
(9; Fiil, unpublished data), and internal mem-
branes close to the poles of the bacteria. The latter
were identical in structure to the plasma mem-
brane, except for a reversal of the concave/
convex faces (compare Fig. 5 and 6, Fig. 4 and 7).
Thus, the internal membranes are most likely
invaginations from the plasma membrane.

Mgt starved cells. Within a few hours after
transfer to Mg**-deficient media, a paracrystalline
particle pattern (R) appeared on the plasma
membranes (Fig. 8). This pattern was first seen
3 hr after transfer to Mgt+t-deficient conditions
and covered increasingly larger areas with pro-
longed starvation (Fig. 10 and 12). Particle
periodicity in the array was 6 by 6 nm. Within 12
hr after the removal of magnesium, two further
changes of the membranes were conspicuous:
infoldings (Fig. 9 and 12) and smooth areas
devoid of particles (Fig. 11). The infolded mem-
branes had the same appearance as the cyto-
plasmic membrane and showed the normal net-
like pattern as well as the smooth and paracrystal-
line Mg*+-starved patterns. The widths of both
the normal plasma membranes and the invagi-
nated membranes seen during Mgt+t starvation
were 7 to 8 nm. After 24 hr in the Mg*+-deficient
medium, the cells fractured only in the membranes
and no longer in the wall. The same preferential
split was seen in cells starved of calcium (unpub-
lished data). However, the Cat+-starved cells
remained viable and the membranes appeared
normal except for large areas devoid of particles.

Addition of magnesium to the culture after 12
hr, when 1009, of the bacteria were still viable,
did not reverse the particle pattern characteristic
of Mgt starvation for at least 4 hr, during which
time the cell mass doubled. It appeared that the
abnormal membranes were diluted out by growth.

Mg** determinations. The paracrystalline pat-
tern found during Mgtt starvation could have
been due to a lowered concentration of Mg+ ions
in either the entire cell or specifically the mem-
brane. Although a homogeneous membrane frac-
tion could not be isolated, the Mg+ content was
determined in each of the two purified fractions
containing both membrane and wall. The most
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interesting and unexpected result of these meas-
urements was that, even though the total Mgt+
content of starved cells was reduced two- to
threefold, there was no significant difference at
any time between the Mg+t concentration of cell
envelopes of exponentially growing bacteria and
Mg*+-starved bacteria. The Mgt* content of the
envelopes was 40 to 45 umoles of Mg+ per gram
(dry weight) of walls.

DISCUSSION

E. coli has the potential to change the structure
of its plasma membrane in response to alterations
in the cell environment. These changes involve not
only the proliferation and infolding of the cell
membrane reported previously (9, 16) but also
the rearrangement of particulate structures in the
plane of the membrane. Although we do not yet
have direct indications regarding the location of
these units within the E. coli cell membrane, the
available experimental evidence suggests that the
preferred plane of fracture during freeze-etching
occurs between hydrophobically bonded struc-
tures, such as exist within biological membranes
(2, 3, 10). If this is also true for E. coli cells, it
means that the membrane features illustrated in
this report are those of an inner membrane face
rather than of the membrane surface. Hence, the
particles seen on the fracture faces would be
embedded within the interior of the membrane
matrix. However, if, for some reason, the E. coli
cell membrane fractures differently from most
other biological membranes, then the exposed
faces could be the true membrane surface and the
netlike and semicrystalline particle arrays would
be on the membrane surface rather than in the
membrane matrix. Although our work with E. coli
does not distinguish clearly between these two
possibilities, both imply that the development of
paracrystalline particle arrays during growth in
Mgt*-deficient media is intimately connected with
structural rearrangements of the E. coli cell
membrane.

The function and chemical composition of the
particles seen in E. coli membranes, as well as in
most other membranes revealed by freeze-etching,
are unknown. Active membranes, e.g., those
capable of photosynthetic activity (4, 11, 19),
photoreception (6), or active transport (27), have
many such particles, whereas inactive membranes,

F1G. 2. Surface of exponentially growing E. coli B/r/1 seen after etching for 15 min at —98 C. No glycerol
treqtment was used in this preparation. Magnification markers in this and in the following figures represent 0.2 um.
_FIG. 3. Exponentially grown cells showing the cytoplasm (C) with a circular body (B), convex (M) and concave
(M) plasma membrane faces, and two wall faces (W and W). Figure 3a shows fiberlike connections (F) between

the membrane and the wall.

FiG. 4. Convex plasma membrane face of an exponentially grown cell. A portion of the wall is visible on the

left.
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FIG. 5. Exponentially grown cell. The concave faces of the plasma membrane (M) and wall (W) with fiberlike

connections (F).

Fi1G. 6. Exponentially grown cell. Particle distribution on the convex internal membrane face (K1) is similar to
the distribution on the concave plasma membrane face (M, Fig. 5).

FiG. 7. Exponentially grown cell. Fracture through the cytoplasm (C) with circular body (B). Particle distribu-
tion on the concave internal membrane face (M) is comparable to that on the convex plasma membrane face

(Fig. 4).

F1G. 8. Convex plasma membrane face of E. coli after 12 hr of Mg*+ starvation. A paracrystalline particle

pattern (R) has appeared.

e.g., insulating layers of myelin (3), are smooth
and devoid of the particles. The particles may
represent micellar transitions within an otherwise
predominantly lamellar system (12, 13) or protein

embedded in the membrane (15, 26). Further-
more, the freeze-etch image of the particles may
reflect in vivo membrane structure or chemical
domains that have a greater tendency than others
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FiG. 9. E. coli after 12 hr of Mg++ starvation. Invagination of the cell membrane builds up several membrane
layers (M) exposed by the fracture process.

Fi1G. 10. Convex plasma membrane face of E. coli after 24 hr of Mg*+ starvation.

FiG. 11. E. coli starved of Mg** for 24 hr. Large areas devoid of particles (D), as well as particle arrays (R),
are seen on the plasma membrane.

to deform during fracture (6). Again, although we  freeze-etch image must be substantially dependent
do not yet have experimental evidence that upon the molecular ordering within the E. coli
distinguishes among these several possiblities, membranes.

it is clear that the very regular and reproducible Although molecular reordering in response to
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FiG. 12. E. coli starved of Mg+ for 24 hr. The invaginated membranes (M) are seen in cross-fracture. The
convex plasma membrane face of one cell is covered with arrayed particles (R).

environment is often postulated to account for
membrane-associated phenomena (20), there are
few reports in which reordering of structure within
a membrane has been observed by electron micros-
copy. With standard thin-sectioning techniques,
Brandt and Freeman (1) noted rapid changes in
amoeba membrane thickness which correlated
with changes in electrical resistance. As with E.
coli, alterations in membrane morphology were

induced by changes in the environment of the
cells, but in contrast to the changes noted in
amoeba the alterations in E. coli appear to be
slow and irreversible. We saw the first evidence
of paracrystalline particle arrays 3 hr after
transfer to Mgt+-depleted media. Furthermore,
addition of Mg* to the culture did not eliminate
the paracrystalline pattern, although the cells did
dilute out the arrays with normal growth. Thus,
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the paracrystalline patterns seen in the cell mem-
brane of E. coli appear to be a developmental
modification induced by Mgt starvation rather
than the direct response of a normal membrane
to a low Mg** environment. This is consistent
with the fact that Mg*t concentrations did not
decrease in the cell envelope itself, suggesting that
Mg*+ deprivation affected membrane structure
indirectly, via other perturbances in cell metabo-
lism, e.g., ribosome breakdown (8, 14).

In E. coli, a general response to stress [Ca or C
source deprivation (unpublished data as well as
the Mg* starvation experiments reported here)]
is a derangement of the particles on the plasma
membrane and the appearance of smooth areas,
such as those illustrated in Fig. 11. However, the
paracrystalline arrays neighboring on these
smooth areas were never seen in Ca-starved or
C source-starved cells. They appear to be uniquely
associated with Mg+ starvation.
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