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Structural Changes in Escherichia coli Membranes Induced by
Bacteriophage T4 at Different Temperatures

Y. S. Tarahovsky,* A. A. Khusainov,* R. Daugelavichus,* and E. Bakene*
*Institute of Theoretical and Experimental Biophysics, Russian Academy of Sciences, Pushchino 142292 Russia, and *Vilnius University,

Viinius, Lithuania

ABSTRACT This paper presents some further evidence for our model of DNA translocation into Escherichia coli cells by
bacteriophage T4 (see Tarahovsky, Y. S., Khusainov, A. A., Deev, A. A.,Kim, Y. V. 1991, FEBS Lett. 289:18-22). When lowering
the temperature, we succeeded in slowing down the infection process and in observing a few separate stages by electron
microscopy. Also, potassium leakage at different temperatures was measured. At 0—6°C the phage was found to be irreversibly
adsorbed on the cell surface, its tail to be contracted, and the outer membrane to be invaginated. Membrane fusion and formation
of broad intermembrane bridges with a hole for potassium leakage were shown to start above 7°C. At about 17-20°C the diameter
of the bridge decreased considerably, which could correspond to the sealing of the membrane.

INTRODUCTION

Early events of phage T4 interaction with Escherichia coli
cells are well known (Simon and Anderson, 1967). The pro-
cess begins with adsorption of virus particles onto the bac-
terial surface. After a primary contact, the phage particles are
supposed to bind to certain parts on the cell surface, so-called
adhesion zones, as a result of lateral diffusion (Bayer, 1968).
It was shown that adhesion zones between the inner and the
outer membranes of gram-negative bacterial cells were pref-
erential sites for adsorption of T-even phage particles and
subsequent DNA injection (Bayer, 1968; Bayer and Bayer,
1981).

The injection of DNA of T-even bacteriophages into the
cell correlates with drastic structural changes in both phage
particles and cell membranes. According to Simon and
Anderson (1967) and Furukawa et al. (1979), the tip of the
phage core penetrates both the outer membrane and the pep-
tidoglycan layer of peryplasmic space and intimately inter-
acts with the cytoplasmic membrane or, possibly, penetrates
it. The infection of E. coli by T-even phages is accompanied
by a transient increase of permeability of the cytoplasmic
membrane for ions and small solutes, the leakage reaction
(Puck and Howard, 1954, 1955). The increase of perme-
ability has been suggested to correspond to formation of lo-
calized lesions (Goldberg, 1980). A few minutes after the
infection has begun, the leakage is sealed (Puck and Howard,
1955). As a matter of fact, these findings lay a foundation
of the “syringe” model and “hole-theory” of infection
by T-even bacteriophages (Simon and Anderson, 1967;
Goldberg, 1980).
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We have suggested another mechanism of phage DNA
injection (Tarahovsky et al., 1991). The electron microscopy
permitted us to assume the possibility of a direct intermem-
brane interaction with a subsequent fusion between outer and
inner membranes during infection. Relying on numerous mi-
crographs, we supposed that the phage core induced the outer
membrane invagination and its approach to the cytoplasmic
membrane with subsequent intermembrane interaction and
fusion. Fusion should result in formation of a large hole
and should be accompanied by leakage. Then the leakage
should decrease as a result of a decrease of the bridge di-
ameter and interaction of phage core with hydrophobic re-
gion of phospholipid bilayer. However, the above process
was only suggested hypothetically. We had no direct evi-
dence that the outer membrane invagination and fusion with
the inner membrane precede the appearance of intermem-
brane bridges. In this work, we present the results of slow-
down of infection of E. coli cells by bacteriophage T4 and
describe a direct observation of different stages of the for-
mation of the intermembrane bridges between the outer and
inner cell membranes.

MATERIALS AND METHODS
Bacteria

E. coli B and K-12 strain AN180 were used. E. coli K-12 strain AN180 (F~,
argE3, thi, mtl, xyl, sir704) was kindly provided by Prof. F. Gibson (National
University of Australia). The cells were grown to 5 X 108 cells per ml either
in nutrient broth or in liquid salt medium M9 (pH 7.0) containing 38 mM
Na,HPO,, 22 mM KH,PO,, 19 mM NH,Cl, 8.5 mM NaCl, 1% kasein hy-
drolysate, 0.4% succinate, and thiamine hydrobromide (5 mg/ml). Night
cultures of cells were diluted 20 times with fresh medium, and cell sus-
pension was incubated for 14-16 h on a gyratory shaker at 37°C. After the
growth had reached its stationary phase, the cells were pelleted at 4°C
(Grinius and Daugelavichus, 1988).

Phage

The wild-type TAD was grown and purified by the standard procedures
described earlier (Khusainov et al., 1992).
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Bacteriophage adsorption

After being grown, the cells were harvested, washed twice, and resuspended
in a fresh nutrient broth that served as an adsorption medium. The cell
concentration was determined by measuring the optical density of cell sus-
pension. The calibrating curve of the optical density was determined by
microbiological titration of cell suspensions. For measurements of the phage
adsorption, a cell concentration range of 1 X 10°-5 X 10° cells per ml was
used. The procedure of measurements of irreversible adsorbed phage par-
ticles has been described in detail earlier in our work (Khusainov et al.,
1992).

Assay of K* fluxes

The harvested cells were washed twice at 4°C with a medium containing 5
mM sodium salt of MOPS and 0.1 M NaCl (pH7.0). About 2-3 X 10" viable
cells were resuspended in 1 ml of this medium. The suspension was kept
on ice and used within 3 h just after preparation. K* activity in incubation
medium was registered with K*-selective electrode EM KO1. The electrode
was connected with J-115 ionometer (EV-1 M3 Ag/AgCl was used as a
reference electrode). The electrode was connected with the incubation me-
dium by 3% agar bridge, containing 20% choline chloride. About 50 ml of
bacterial cell suspension was added into a 5 cm® glass vessel with a water
jacket connected with ultrathermostate. The suspension was continuously
stirred by magnetic stirrer. In our equipment after addition of definite quan-
tities of 0.1 M KCl (calibration) the response lasted for 2-3 s. Apparent
values of cytoplasmic potassium were calculated with the assumption that
1 g of cell dry weight was equal to 1.5 cm® of intracellular water (Grinius
and Daugelavichius, 1988). To estimate the total cytoplasmic potassium
content, the cation was released from the cells by addition of polymyxin B
(320 units per ml) at 37°C.

Electron microscopy

For electron microscopy, we used E. coli B and K-12 strain AN180 cells
at a concentration of 5 X 10° cells per ml in nutrient broth. Phages and cells
were equilibrated at corresponding temperatures for 20 min before mixing.
The phage was added to cell suspension with different multiplicity of in-
fection (50-200) and incubated for some temperature-dependent time. At
0-10°C the time was about 1.5-3 h, at 10-15°C it was 30 min, and above
15°C it was 10 min. Then the suspension was fixed by 2.5% glutar aldehide
in 100 mM phosphate buffer (pH 7.4) during 10 min and postfixed overnight
in 2.5% glutar aldehide. Then the cells were fixed by 1% osmium tetroxide
for 1 h, by 1% tannic acid for 1 h, and again by 1% osmium tetroxide for
1 h (GOTO-fixation) as described earlier (Tarahovsky et al., 1991). After
every stage of fixation, the cells were washed 5 times with 100 mM phos-
phate buffer (pH 7.4). All procedures of fixation and washing were per-
formed upon a discontinues mixing of the solution by a slow rotation of
flakes. The fixed cells were dehydrated by alcohol and acetone and em-
bedded in Epon 812 resin. Ultrathin sections about 500 A thick were stained
with uranil acetate and lead citrate. The ultrastructural analysis was per-
formed by JEM 100B electron microscope.

RESULTS

The irreversible adsorption of phage T4 on E. coli cells
strongly depends upon temperature (Gamov, 1969). As it is
seen in Fig. 1 A, in the temperature range of 4-8°C a small
number of phage T4 particles (5-15%) can be irreversibly
adsorbed on the surface of cells. The number of irreversibly
adsorbed particles starts markedly increasing upon an in-
crease of temperatures higher than 8-10°C. It should be
noted that the temperature dependence shown in Fig. 1 A is
typical for the entire time interval, in which the experiments
of this work were carried out.
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FIGURE 1 (A) Temperature dependence of the irreversibly adsorbed

hage T4D on the surface of host cells 8 min after mixing. (B) The time course
of irreversible adsorption of bacteriophage T4 at different temperatures:
(@) —4°C; (W) —8°C; (+) —12°C. The cells (Escherichia coli AN180) were
infected by phage T4 at an infection multiplicity of 2.

Earlier, some works were dealing with the study of the
dependence of irreversible adsorption on the infection time
at different temperatures (Gamov, 1969). It was shown that
for phage T4 there were two inclinations of the time-
dependent adsorption curve within 0—18°C. Fig. 1 B depicts
typical curves of the irreversible adsorption kinetics for this
temperature range, which have been obtained in our experi-
ment. To explain this dependence of adsorption kinetics,
Gamov (1969) has advanced the idea about the presence of
active (quickly adsorbed) and inactive (slowly adsorbed)
phage T4 particles. It was suggested that there could be some
dynamic equilibrium between quickly and slowly adsorbed
phage T4 particles, which is shifted upon a temperature
change. Later on, the phage activity was assumed to be ex-
actly related to unfolding of long fibers. Such an assumption
was based on the results obtained from the study of the tem-
perature dependence of unfolding of phage T4 long fibers
(Greve and Block, 1975) and irreversible adsorption effi-
ciency on the number of long fibers simultaneously bound
with the receptors (Goldberg, 1983). In our opinion, the
inclination in the initial part of the curves represented in
Fig. 1 B reflects the exit of the system into a quasi-stationary
state after phage has been mixed with the cells. The
temperature-dependent adsorption value indicates that at
temperatures close to 0°C a relatively small part of the phage
population is capable of being irreversibly adsorbed on the
cellular surface within the time used in our experiments. The
presented results suggest that even at physiologically low
temperatures there are particles of phage T4 capable of right
irreversible binding to the “host” cells and, possibly, of in-
fecting the cells. This allows us to suppose the interaction
between phage and cell to occur at low temperatures just in
the way as it does at normal physiological ones. But in this
case all the processes are essentially slowed down.

The processes of irreversible adsorption of phage T4 onto
E. coli cells and those of translocation of its DNA into cy-
toplasm are related to changes in permeability of the cellular
membranes. In connection with that, we studied the tem-
perature dependence of the exit of potassium ions out of the
cell after their interaction with phage T4. Fig. 2 represents
a change of the potassium content in the measured cell in a
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FIGURE 2 The diagram of a typical registration course of potassium
fluxes induced by glucose and phage T4 as it was measured by potassium
selective electrode. 5 ml of incubation medium (pH 7.0, 37°C) contained 5
mM Mops, 100 mM NaCl, and 0.2 mM KCI. The additions marked with
arrows were as follows: 1 mM (1) or 3 mM (2 and 3) KCI; 2 mg of glucose;
1 X 10" per ml Escherichia coli AN 180 cells; phage T4D with multiplicity
of 2 infective phage per cell and 1600 units (0.2 mg) of polymyxin B sulfate.

typical experiment. The curve demonstrates the sequence of
different additions into the measured cell and the subsequent
typical changes of potassium content in the medium. The
measurements allowed us to estimate the temperature de-
pendence of such parameters of the potassium exit out of
cytoplasm as the initial rate and the lag-period. The lag-
period before the potassium release from cytoplasm is usu-
ally observed after addition of phages to cell suspension, Fig.
3. 1t strongly depends on the temperature and sharply in-
creases below 14°C. Below 6-7°C it tends to infinity. This
is the lowest temperature, at which the potassium release
from cytoplasm of bacterial cells is registered even after in-
fection within several hours. This is in agreement with the
results of Grinius and Daugelavichus (1988). A strong in-
crease of the lag-period below 14°C likely explains the ab-
sence of the potassium release in the studies performed by
some authors (Boulanger and Letellier, 1989).

The Arrhenius representation of the initial rate of potas-
sium efflux from cell cytoplasm induced by phage infection
has a complex character (Fig. 4). The weak potassium efflux
only starts at the temperatures above 6-8°C. In the absence
of glucose, the efflux rapidly increases at the temperatures
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FIGURE 3 Temperature dependence of lag-period defined as a duration
after addition of phage particles and before beginning of potassium leakage.
Experimental conditions were identical to those described in the legend to
Fig. 2. The measurements were performed in the absence (@) and in the
presence of glucose (O).
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FIGURE 4 Arthenius representation of the rate of T4-induced K* efflux
in the absence (@) and in the presence (O) of glucose. Experimental con-
ditions were identical to those described in the legend to Fig. 2. The rate of
potassium efflux is expressed in nmol min~! mg™!.

above 10-12°C. At 30°C the discontinuity of the slope of the
Arrhenius representation of potassium efflux is observed,
which corresponds to the data obtained by other authors
(Boulanger and Letellier, 1989). In the presence of glucose,
the discontinuity of the slope is detected at a temperature
interval of 15-20°C. This bears witness to an essential in-
fluence of the energy source on the temperature dependence
of plasma membrane permeability value of infected cells.

The ultrastructural study reveals a valid adsorption of few
phage particles onto the cell surface even at 0°C (Fig. 5, A
and B). At this temperature, the adsorbed bacteriophages are
able to contract the tail and invaginate the outer membrane,
which causes its interaction with the inner membrane. Such
an interaction of the cell membranes never initiates the mem-
brane fusion at low temperatures even after a joint incubation
of phages and cells for some hours. The structural changes
typical for the fusion process could be firstly observed only
above 6-7°C. An example of structural changes, like semi-
fusion of two membranes, results in formation of one bilayer
presented in Fig. 5, C and D. At a higher temperature, the
complete membrane fusion and creation of intermembrane
bridges are rather typical (Fig. 6). Formation of the first few
bridges can be observed at 7-8°C, and above 10°C they are
spread rather widely. At these temperatures, the diameter of
the bridges considerably exceeds the phage core and the di-
ameter of bridges observed by us earlier (Tarahovsky et al.,
1991). The diameter, which is most often observed, is about
14-15 nm. The narrow intermembrane bridges with an inner
diameter corresponding to that of the phage core could be
only observed above 20°C. Probably, the formation of the
narrow bridges results from an immediate interaction be-
tween the phage core and the membrane. This prevents the
ion leakage as we have suggested earlier (Tarahovsky et al.,
1991).

It is noteworthy that the thickness of sections was about
500 A, which considerably exceeded the sizes of the ob-
served intermembrane bridges and invaginations of the outer
membrane. These structures could be involved, therefore, in
a single epon section. This permitted us to see the side pro-
jection of structures on the whole. Indeed, if such small struc-
tures were cut, their contrast should have substantially de-
creased because a part of the material would have been lost.
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FIGURE 5 \Ultrastructural changes in Esche-
richia coli membranes induced by phage T4D at
temperature interval 0-7°C. Here and later Es-
cherichia coli B and AN 180 cells were used in the
experiments. Phage T4 was added at a multiplicity
of 100. Under each of the micrographs, the sche-
matic illustrations of membrane structures induced
by phage are presented. The bar represents 1000 A

On the contrary, the presented micrographs demonstrate  greater part of the material of structures observed should
the examples of the most contrast and most appropriately  be involved inside the section. In this case, the errors of
oriented objects in the epon section plane. Therefore, a  identification of membrane structures and, to some
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FIGURE 6 Wide pores in Escherichia coli envelope induced by phage T4 at temperature interval 8-17°C. The details are in the description to Fig. 5.
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degree, those of measurements of their diameters should
be considerably less sufficient than they are when bigger
objects are analyzed in other investigations where serial
sections are mainly used.

DISCUSSION

The use of lowered temperatures permitted us to essentially
slow the infection of Escherichia coli cells by phage T4 and
to apply this phenomenon for observing individual infection
stages. The temperature was revealed to influence consid-
erably the adsorption of phages onto the cellular surface.

When the temperatures were close to 0°C, the adsorbed
phages were still capable of contracting the tail and ejecting
the DNA molecule. This process was, however, substantially
slower at lowered temperatures, and the ultrastructural
changes presented by us could only be seen after a long
incubation of phages with the cells.

When the temperatures ranged from 0 to 6°C, there were
few phages able to be irreversibly adsorbed on the cellular
surface. In most cases, adsorption led to the tail contraction
and to the outer membrane invagination. Despite an approach
of inner and outer membranes, and despite formation of a
direct contact between them, we have never seen the pictures
suggesting a fusion of the membranes. In this case, we often
saw phages with empty heads. This is testimony to the pos-
sibility of injecting DNA into the pocket formed by the outer
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membrane as a result of invagination. These data are in good
agreement with the absence of phage effect on permeability
of the plasma membrane for potassium ions, which suggests
a maintenance of integrity of the hydrophobic barrier. The
latter could have been hardly possible in case of fusion of
membranes.

Fusion of the membranes and formation of the intermem-
brane bridges were only observed at temperatures above 7°C.
Here it should be noted that the broad intermembrane bridges
we saw in the temperature range from 8°C to approximately
17-20°C had a considerably greater diameter than the narrow
ones we had observed at temperatures above 20°C. (Fig. 7).
The diameter of broad bridges seen at lowered temperatures
could essentially vary, as shown in Fig. 6. Yet the chief
distinguishing feature of narrow bridges is that their inner
diameter is smaller than the diameter of phage core. Earlier,
this allowed us to assume the possibility for phage core pro-
teins to penetrate the hydrophobic region of the surrounding
membrane (Tarahovsky et al., 1991). This could result in
formation of a specific intermembrane structure necessary
for sealing the plasma membrane. Unfortunately, the mea-
surements of only initial rates of potassium release from the
cytoplasm carried out in our work did not permit an iden-
tification of sealing. However, the Arrhenius curve (Fig. 4)
showed a discontinuity within 15-20°C for cells in the pres-
ence of glucose and within about 30°C in the absence of
energy sources. This suggested the possibility of a structural
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FIGURE 7 Narrow pores in the envelope of Escherichia coli cells treated by phage T4 at temperatures above 20°C. The details are in the description

to Fig. 6.
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reorganization of the channel responsible for ionic leakage.
At these temperatures, a structural reorganization of lipids of
the plasma membrane is known as well (Lugtenberg and Van
Alphen, 1983). Some considerable differences in diameter of
intermembrane bridges observed in the media rich in energy
sources at above and below 15-20°C can be supposed to
cerrelate with the corresponding discontinuity of the Arrhe-
nius curve at these temperatures.
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