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Summary

The cell envelope of Escherichia coli was examined for changes during late
stages of bacteriophage T4 infection. Late events in T4 infection are shown to
result in (i) a reduction in the effectiveness of membrane separation procedures
employing either isopycnic sucrose gradient centrifugation or selective solubil-
ization of inner membrane by detergent (Sarkosyl or Triton X-100), (ii) the
appearance of a 54 000 dalton host protein in membrane preparations, (iii) the
adventitious presence of detergent-resistant phage morphogenetic structures in
membrane preparations, and (iv) a decrease in the activity of NADH oxidase
and an apparent alteration in its association with inner membrane. These
modifications occur regardless of the state of the e and ¢ genes of T4.

Introduction

The cell envelope of Escherichia coli is involved in many phases of the T4
infective cycle. Initially the phage interacts with a specific lipopolysaccharide
receptor in the outer membrane [1]. The effective T4 receptors appear to be
those positioned at sites of adhesion between the cell wall and the inner mem-
brane [2,3]. Once the T4 genome has entered the cell a number of changes in
the host components of the cell wall occur. These include accelerated loss of
outer membrane material [4,5], detachment of the host chromosome from
membrane [6,7], the disruption of host nucleoids [8] and reduction in the rate
of synthesis of the major outer membrane proteins [9,10], phospholipids [11,
12], and lipopolysaccharide [13]. Other envelope-related events include the
attachment to and replication of the T4 genome on the membrane [6,7], the
association of bacterial DNA polymerase 1 with the cell membrane [14],
alterations in the permeability barrier of the cell envelope, the strengthening of

* Preliminary reports of this work were presented at the Annual Meetings of the American Society for
Microbiology in 1975 (New York) and 1976 (Atlantic City).
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the cell envelope which is manifested by super infection exclusion and resis-
tance to killing by ghosts, and the development of lysis inhibition [15]. Later
in infection, precursors of the T4 head are seen associated with membrane [6,
16] and the infective cycle is ended with the cessation of oxygen uptake and
the subsequent lysis of the infected cell [17].

The large number of cell envelope-related modifications following T4 infec-
tion and the concentration of previous studies on changes that occur soon
after infection prompted this study of phenomena occurring late in T4 infec-
tion. Alterations which were observed late in permissive infection include an
increased sensitivity of outer membrane to Sarkosyl and Triton X-100, an
apparent tighter association or mixing of outer and inner membrane which
prevents their separation in sucrose gradients, and a decrease in NADH oxidase
activity with increasing time after infection. It was also observed that outer
membrane preparations isolated late in infection contained apparent T4 head
precursors and a preexisting host protein which was not present in membrane
prior to infection.

Materials and Methods

Bacteria and phage. E. coli strains B, BB, CR63 and PL-2 (defective in UDP-
galactose epimerase [18], provided by H. Wu) were employed in these experi-
ments. Bacteriophage used included T4D,, T4rII187, T4amN82 (gene 44,
defective in DNA synthesis), T4amH26 (e gene, defective in lysozyme produc-
tion), T4damtA3 (t gene, defective in lysis), and T4amB17 (gene 23, defective in
the major T4 head protein). T4D, was grown on E. coli B or BB and the amber
mutants were grown on E. coli CR63; phage were concentrated and purified as
described previously [19].

Media and reagents. Tryptone-NaCl broth, top agar, plates, dilution fluid
[19], F medium [20], T medium [21] and HB medium [22] have been
described. o

Sodium laury! sarcosinate (Sarkosyl) was a gift from Geigy Corp., Ardsley,
NY, and Triton X-100 was obtained from Sigma Chemical Co., St. Louis, MO.
The following radiochemicals were purchased from New England Nuclear,
Boston, MA: L-[4,5-°H]leucine, D-[1-!*C]galactose, and carrier-free H,358O,:
L-[U-'*C]leucine was obtained from Amersham Searle, Arlington Heights, IL,
or Schwarz-Mann, Orangeburg, NY, and [2-3H]glycerol was purchased from
Amersham-Searle. NADH, disodium, was obtained from P-L Biochemicals,
Milwaukee, WI.

Membrane isolation. The procedure of Osborn et al. [23] was used with the
modifications described previously [24]. Total membrane preparations were
isolated by terminating the procedure after the second 360 000 X g centrifuga-
tion. Outer, middle and inner membrane fractions were obtained by isopycnic
sucrose density gradient centrifugation. Gradient fractions to be pooled were
identified by one of two methods: 5-u portions of each 0.4 ml gradient frac-
tion were precipitated with trichloroacetic acid, collected on filters and
washed and the radioactivity was determined as described previously [24] or
absorbance (280 nm) was monitored during gradient fractionation. Fractions
corresponding to the membrane species were pooled, diluted to 0.25 M sucrose,
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1.0 mM EDTA - Na,, 3.3 mM Tris-HC], pH 7.8, and collected by centrifugation
at 360 000 X g for 2 h. Preparations for gel electrophoresis were resuspended in
solubilization buffer [25] and those for NADH oxidase assay in 0.05 M Tris-
HCI buffer (pH 7.8) containing 0.2 mM dithiothreitol. On one occasion total
membrane was isolated by the procedure of Inouye and Guthrie [26].

Polyacrylamide gel electrophoresis. Slab gel electrophoresis was performed
by a modification [21] of the discontinuous gel electrophoresis method of
Laemmli [25] except that 7.5% gels were run at 160 V for 1.25 h.

Preparation of ['*C]leucine-labeled T4D,. A 20 ml culture of E. coli BBin F
medium supplemented with 5 ug L-leucine/ml was grown to an absorbance at
540 nm of 0.3, supplemented with 50 ug L-tryptophan/ml, and infected with
T4D, at a multiplicity of infection of 7.5. At 9 min after infection 0.2 uCi
L-[**C}leucine/ml was added. 3 h later the lysate was concentrated and puri-
fied.

Determination of NADH oxidase activity. The membrane fraction
(3—100 ug of protein as determined by the method of Lowry et al. [27]) was
assayed as described previously [23].

Densitometer scanning of autoradiograms. The portion of the autoradiogram
of slab gels corresponding to proteins of molecular weight 90 000 to 30 000
was scanned with a Beckman Analytrol Film Analyzer.

Results

Localization of host membrane constituents after infection

- We have shown that E. coli outer and inner membranes can still be separated
by equilibrium centrifugation after non-permissive infection with the DNA-
negative mutant T4amN82 [20]. Membranes isolated from cells in which T4
late protein synthesis has occurred cannot be separated (Fig. 1A—C). The distri-
bution of host membrane protein isolated from cultures infected with T4D, for
up to 9 min is indistinguishable from that of uninfected cells or of cultures
infected with T4amN82 [20]; that is, the outer (fractions 6—12) and inner
(fractions 16—26) membrane species are still clearly separable at this stage of
infection. (The material at the bottom of the gradient (fractions 1—4 in panels
A, B and C) contains outer membrane proteins [20] and is therefore probably
related to that characterized by Loeb and Kilner [5].) However, as the infec-
tion progresses (Fig. 1C), there is an increase in the material in the middle
region of the gradient, which can be correlated with decreases in both inner and
outer membrane bands. This effect has also been seen after infection of E. coli
B with T4rII187, T4amH26, and T4amtA3 and of E. coli CR63 with T4D,
(data not shown).

Pre-existing lipopolysaccharide is also delocalized late in infection. Virtually
all of the lipopolysaccharide is associated with the outer membrane of
uninfected E. coli [23], of cells infected for 15 min with T4amN82 (data not
shown), and of cells infected for 5 min with T4D, (Fig. 2A). Late in infection
(Fig. 2B), pre-existing lipopolysaccharide is no longer localized exclusively in
the region of the gradient characterized as outer membrane; some lipopoly-
saccharide appears in the middle band and some at a density corresponding to
inner membrane.



213

20 (—r—v—— 10 100
[ 160

120

10°3
1073

34 CPM X
CPM X
34 CPM X 1073

ac

3 9152 27 3 9 152 27

FRACTION NUMBER

Fig. 1. Separation of membrane proteins from infected cells. An overnight culture of E. coli B was diluted
1: 200 into 150 ml of F medium supplemented with 0.05 uCi of L-[”C]leucine/ml and grown at 37°c
to a concentration of 4 - 108 cells/ml. Cells were harvested and resuspended in 150 ml of pre-warmed F
medium supplemented with 50 ug L-tryptophan/ml. The culture was divided into three equal portions
and each portion was infected with 7.5 T4Dg/cell. Each portion was pulse-labeled with 4.0 uCi L-{3H]-
leucine/m1l for a different consecutive 4-min interval beginning 1 min after infection. At the end of the
pulse period, the infection was terminated by pouring the sample over 0.5 vol. of crushed, frozen F
medium containing 150 ug chloramphenicol/ml. Isolation and fractionation of membrane was then
carried out as described in Materials and Methods. Prior to layering on the gradient, half of each sample
was treated with Sarkosyl and incubated for 20 min at 23°C. The top of the gradient is on the right.
Results of labeling with L-[3H}leucine 1—5, 5—9 and 9—13 min after infection are shown in panels A,
B, and C, respectively. Corresponding samples treated with Sarkosyl are shown in panels D, E, and F.
Symbols: @, L-[”C]leucine label; ©, L-[3H]leucine label.

Detergent solubilization of host outer membrane proteins

Outer membrane isolated from uninfected E. coli B cells is resistant to solu-
bilization by the ionic detergent Sarkosyl [24] and by the non-ionic detergent
Triton X-100 in the presence of Mg?* [28]. Outer membrane from cells
infected with T4eamN82 exhibits the same resistance to solubilization as that
from uninfected cells [20]. However, as shown in Fig. 1D—F, outer membrane
from cells infected with T4D, for 5 or 9 min exhibits partial sensitivity to
Sarkosyl and, after 13 min of T4D, infection, virtually all of the pre-existing
protein of outer membrane has become sensitive to disruption by Sarkosyl.
Pre-existing outer membrane proteins from cells infected with wild-type T4
also exhibit an increase in sensitivity to the detergent Triton X-100 in the
presence of Mg?* (Fig. 3).

Alterations in the protein composition of the outer membrane after infection
A comparison of membrane proteins in uninfected cells with host proteins
present in membrane preparations isolated from cells late in T4 infection
revealed the presence of an additional polypeptide in the latter (Fig. 4). This
polypeptide was not seen in the studies with the DNA-negative mutant
T4amN82 [20], but late protein synthesis is apparently not necessary for its
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Fig. 2. Distribution of host lipopolysaccharide after infection. An overnight culture of E. coli PL-2 was
diluted 1 : 200 into 100 ml HB medium supplemented with 0.1 mg threonine/ml, 0.1 mg leucine/ml, 1 ug
thiamine/m), 43 ug galactose/ml and 0.125 uCi [14C]galactose/ml and grown at 37°C to a concentration
of 3-108 cells/ml. Cells were harvested and resuspended in 100 ml of prewarmed HB medium supple-
mented as above except 50 ug L-tryptophan/ml was added and radioactive galactose was omitted. The
culture was divided into two equal portions and each was infected with 10 T4Dg/cell. Infection was
terminated at 5 or 13 min by pouring the sample over 0.5 vol. of crushed, frozen HB medium containing
150 ug/m! chloramphenicol. Isolation and fractionation of membrane was then carried out as described in
Materials and Methods. The bottom of the gradient is on the left. Results of 5 and 13 min of infection are
shown in panels A and B, respectively. o, [! 4C]galactose.

appearance as this protein was present in membrane as early as five minutes
after infection. Inspection of outer, middle, and inner membrane for the
appearance of this 54 000 dalton protein showed that it appears predominantly
in the outer membrane and that it does not appear to exist in appreciable
quantitites in any membrane species prior to infection (Fig. 5). Host outer
membrane proteins become sensitive to detergent treatment late in T4 infec-
tion (Figs. 1F and 3C); 54 000 and outer membrane proteins of uninfected
cells exhibited identical patterns of detergent sensitivity. Fig. 5 also shows that
there are some other changes in the protein composition of these membranes
such as the loss of a 62 000 dalton protein from outer membrane and the
mixed membranes.
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Fig. 3. Effect of Triton X-100 on membrane preparations from infected cells. E. coli B cultures were
grown and infected as described in Fig. 1, except that the medium was T medium supplemented with
0.4% glucose, 10 ug casamino acids/ml, 104 M Naj;S804, and 0.025 uCi L-{14C]leucine/m} and that
pulse-labeling employed 2.0 uCi L-[3H]leucine/ml. Results of pulse-labeling for 1—5, 5—9, and 9—13 min
after infection are shown in panels A, B and C, respectively. ®, L-[14C]leucine label; 0, L-[3H]leucine
label.

Fig. 4. Densitometer tracings of autoradiograms of host proteins with molecular weights ranging from
30 000 to 90 000 in uninfected cultures. Samples for slab gel electrophoresis were prepared from cultures
of E. coli B grown and infected as described for Fig. 1, except that T medium supplemented with 0.4%
glucose, 10 ug casamino acids/ml, 1074 M Na; S04 and 17 uCi H335504/ml was used. Samples are total
membrane: A, uninfected; B, after 5 min of infection; C, after 9 min of infection; D, after 13 min of
infection. Vertical line indicates position of 54 000 dalton protein.

Examination of the newly synthesized proteins appearing in the gradient region
corresponding to outer membrane

Much of the protein synthesized late in T4 infection appears in the region of
the gradient corresponding to outer membrane and is not solubilized by deter-
gent treatment (Figs. 1F and 3C). The distribution of proteins synthesized after
infection was examined using T4amB17, a mutant which is defective in the
major structural protein of the T4 head. Fig. 6 shows a decrease in the amount
of newly-synthesized protein in the region of the gradient corresponding to
outer membrane compared to that seen after wild-type T4 infection (Figs. 1C
and 1F). This suggested that a structural intermediate in T4 head assembly was
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Fig. 5. Host membrane proteins after T4 infection. Cultures of E. coli B were grown and infected as
described for Fig. 4. Infection was terminated after 13 min of infection by pouring the culture over 0.5
vol. of crushed frozen T medium plus 150 ug chloramphenicol/ml. Isolation of the several membrane
fractions was then carried out. All samples were resuspended in 0.1 ml of Laemmli solubilization buffer
prior to discontinuous polyacrylamide gel electrophoresis. Autoradiography was performed as described
in Materials and Methods. Samples are: A, uninfected outer membrane; B, outer membrane after infec-
tion; C, uninfected middle fraction of membrane; D, middle fraction of membrane after infection; E,
uninfected inner membrane; F, inner membrane after infection.

responsible for the peak of detergent-resistant T4 protein observed at the
density of outer membrane late in infection. Accordingly, newly-synthesized
proteins in this detergent-resistant fraction which appear in the region of the
gradient corresponding to outer membrane were compared to proteins of the
mature T4 particle (Fig. 7). The predominant peak in both preparations has a
molecular weight of 45 000 and corresponds to the major head protein of T4
(P23%). Other head proteins tentatively identified in this detergent resistant
material are P20, P23, P24%, P22, IP III and IP III*. This detergent-resistant
material which contains proteins which appear in T4 head morphogenetic inter-
mediates is a fortuitous contaminant of our total membrane preparations and
there is apparently no real association between outer membrane and these T4
head structures (Fig. 8). Centrifugation for shorter or longer times than the
usual 16 h period revealed that the peak of protein synthesized late in T4
infection migrates independently of the outer membrane material.
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Fig. 6. Separation of membranes from cultures infected with T4amB17. Overnight culture E. coli B was
diluted 1 : 200 in 50 ml of F medium supplemented with 6 ug glycerol/ml, 0.06 mg galactose/ml, and
0.15 uCi [3Hlglycerol/ml and grown at 37°C to a concentration of 3 - 108 cells/ml. Cells were harvested
and resuspended in pre-warmed supplemented F medium containing no [3H]glycerol and with 50 g
L-tryptophan/ml. The culture was infected with 7.5 T4amB17 /cell and pulse-labeled with 0.1 uCi
L-{14Clleucine 9—13 min after infection. The infection was terminated by pouring the sample over 0.5
vol. of crushed frozen F medium containing 150 Mg chloramphenicol/ml. Isolation and fractionation of
membrane was then carried as described in Materials and Methods. ®, [3H]glycerol; 0, L-[!4C]leucine
label.
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Fig. 7. Coelectrophoresis of newly synthesized Sarkosyl-resistant proteins from the outer membrane
region of the gradient with mature T4 particles. Membrane preparations were obtained as described for
Fig. 3 except that the cells were unlabeled before infection and 3 uCi L-[3H]1eucine/ml was used for the
pulse-labeling. After gradient fractionation, fractions 7—10 were collected as described in Materials and
Methods. This pellet was resuspended in 1 ml 25% sucrose, 5 mM EDTA and treated with 0.1 ml 5%
Sarkosyl for 20 min at 23°C prior to sucrose gradient centrifugation. Gradient fractions 7—10 were again
collected and then resuspended in 0.2 ml of Laemmli solubilization buffer. 0.05 ml of this sample was
mixed with 0.05 ml L-{!4C]leucine-labeled T4Dg and coelectrophoresed on cylindrical gels as described
in Materials and Methods. Labels: . L-[3H]leucine; ®o— e L-[!4C]leucine.
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Fig. 8. Effect of length of centrifugation on the distribution of phage and host proteins. E. coli B cultures
were grown as described in Fig. 1, except cells were labeled with 0.025 uCi L-[“C]leucine/ml and pulse-
labeled nine to thirteen minutes after T4Dg infection with 2.0 uCi L-[3HHeucine/m]. Isolation and frac-
tionation of membrane was carried out as described in Materials and Methods except that centrifugation
was terminated at ten hours for A, sixteen hours for B, and twenty-two hours for C. @, L-[14C]leucine;
o, L-[3H1leucine.

Changes in NADH oxidase activity

Membrane-bound NADH oxidase is localized in the cytoplasmic membrane
of uninfected cells [23]. This enzyme was examined for changes in its activity
and in its localization which might indicate T4-induced alterations of the inner

TABLE I

EFFECT OF INFECTION ON MEMBRANE-BOUND NADH OXIDASE ACTIVITY IN TOTAL MEM-
BRANE PREPARATIONS

Cultures of E. coli B growing exponentially in broth were infected with a multiplicity of infection of 7.5
when they reached a concentration of 4 - 108 cells/ml. n.t., not tested.

Phage Time (min) after infection

0 10 20 30
T4Dg 0.451 0.359 0.203 0.217
T4amH26 0.293 0.237 0.222 0.174
T4amtA3 0.361 0.406 0.319 0.229

T4amN82 0.269 n.t. n.t. 0.193
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TABLE II

COMPARISON OF THE SPECIFIC ACTIVITIES OF NADH OXIDASE ISOLATED FROM UN-
INFECTED AND T4r/I187-INFECTED CELLS BY TWO MEMBRANE ISOLATION PROCEDURES

Infection was allowed to proceed until lysis was detectable (approximately 30 min).

Sample Specific activity Percentage of uninfected activity
Uninfected * 0.105 100.0%
Infected * 0.027 25.7%
Uninfected ** 0.025 100.0%
Infected ** 0.013 52.0%

* Membrane preparation (total) isolated by the procedure of Osborn et al. [23].
** Membrane preparation isolated by the procedure of Inouye and Guthrie [26].

membrane. The results of studies with total membrane preparations from cul-
tures infected with various T4 strains is shown in Table I. A reduction in activity
with time is observed after all infections; the activity after 30 min of infection
is least in membrane preparations from T4D,-infected cultures and greatest in
preparations from cells infected with T4amN82, where no late protein syn-
thesis occurred. Approximately the same pattern of activity loss is seen with all
four phage tested. Also, different procedures for isolating total membrane give
different specific activities of NADH oxidase (Table II). The enzyme activities
obtained from total membrane isolated by the procedure [23] used for the
experiments shown in Table I are more than four times those obtained with
another procedure [26].

The effect of infection by T4amtA3, T4damH26 and T4amN82 on localiza-
tion of NADH oxidase activity was also examined. Isolated outer, middle and
inner membrane species were obtained from gradients and assayed for NADH
oxidase (Table III). For all three mutants, there was a loss of NADH oxidase
activity from the cytoplasmic membrane and an increase in activity in the
regions of the gradient corresponding to middle and outer membrane.

TABLE III

EFFECT OF INFECTION ON MEMBRANE-BOUND NADH OXIDASE ACTIVITY IN ISOLATED
MEMBRANE SPECIES

n.d., not detectable; n.t., not tested.

Phage Membrane species Time (min) after infection
0 10 20 30
T4amH26 Outer 0.004 0.005 0.012 0.017
Middle 0.032 0.044 0.075 0.109
Inner 0.357 0.495 0.228 0.127
T4amtA3 Outer n.d. 0.011 0.017 0.020
Middle 0.026 0.048 0.093 0.085
Inner 0.733 0.472 0.224 0.258
T4amN82 Outer nd. n.t. n.t. 0.019
Middle 0.037 n.t. n,t. 0.064

Inner 0.538 n.t. n.t, 0.351
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Discussion

This work has concentrated principally on modifications in bacterial consti-
tuents of the envelope which occur late after T4 infection. Evidence that both
the outer and inner membrane are modified is presented. The most obvious
envelope alteration is the inability to separate cleanly cytoplasmic and outer
membrane species by isopycnic sucrose density gradient centrifugation. This
phenomenon, which takes place only after T4 late protein synthesis starts, has
been noted previously [29,30]. Two specific ehanges in the outer membranes are
documented here. (i) It becomes sensitive to detergent (Sarkosyl and Triton
X-100) disruption. This not only indicates that a major alteration in the
structural interrelationships among components of the outer membrane has
occurred, but also precludes use of membrane separation procedures [24,238]
involving these detergents. To our knowledge, there is no method which yields
a good separation of inner and outer membrane from cells in which T4 late
protein synthesis has begun. (ii) The displacement of lipopolysaccharide from
outer membrane to membrane fractions with lighter densities is also indicative
of outer membrane alterations. Studies on NADH oxidase demonstrate that the
cytoplasmic membrane has also been modified. The specific activity of NADH
oxidase decreases with increasing time of infection and enzyme activity is
partially delocalized.

All of the observed modifications suggest that some late function(s) of T4
alters the cellular envelope so that a significant amount of hybridization of
inner and outer membrane occurs during the membrane fractionation proce-
dures. The basis for the envelope alterations is not known but several obvious
‘possibilities exist. (i) Adhesion zones [2,3], which link inner and outer mem-
brane, are believed to play a role in several aspects of T4 physiology [3,31,32]
and also to function in lipopolysaccharide deposition [33]. Phage-directed
alterations in these junctions could thus significantly affect outer membrane
stability. (ii) Phospholipases, either phage- or host-specified, may be respon-
sible. (The presumed phospholipase product of gene t is not involved, how-
ever.) (iii) A late effect of T4 infection which causes fragility of the cytoplas-
mic membrane in lysis-inhibited cells has recently been described [34]. The
present observations may be related to this phenomenon but in no case did we
deliberately superinfect cultures and the alterations we have described occur
earlier in the infective cycle than the modification in the permeability barrier.
To elucidate fully the basis for the envelope changes which occur late after T4
infection will probably require studies with multiple phage and bacterial
mutants, as it seems likely that a number of functions are involved.

Another modification in existing host membrane constituents is the
infection-induced association of a 54 000 dalton polypeptide with outer mem-
brane. Others [35] have reported that there are no major changes in host mem-
brane proteins following infections. However, examination of their data (Ref.
35, Fig. 6) does reveal the presence of additional protein of 54 000 daltons.
These workers studied total membrane proteins and used 12.5% polyacryl-
amide gels so the additional protein is not as readily apparent as it is in the
present work. That the association of 54 000 dalton protein with membrane
does not occur following infection with the DNA-negative mutant T4amN82
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indicates that phage genes affect the binding. That it occurs early (5 min) after
T4D, infection and is affected by the state of template DNA suggests that
the required phage function is coded for by delayed-early RNA [36]. The
significance of the association is not known; the only precedent is the transient
association of DNA polymerase I with membrane [14]. 54 000 dalton protein
was not detected in mature phage particles (data not shown) and it was not
present with the phage morphogenetic structure found at the position of outer
membrane (Fig. 6). Aebi et al. [37] have reported the presence of a 36 000
dalton host protein in the mature phage head. It is not known if there is some
precursor-product relationship between 54 000 dalton protein and the smaller
polypeptide.

Lastly, this report describes the adventitious appearance of an intermediate
in T4 head assembly in membrane preparations. This difficulty can be circum-
vented by the use of appropriate T4 mutants, such as T4amB17.

Acknowledgements

We thank Sara Chenault and Fred LeMaistre for assistance with NADH
oxidase assays and H.R. Bose for reading the manuscript. G.F. was a public
Health Service predoctoral trainee (5 T01 GM-00337) during these studies. This
work was supported by Public Health Service grant AI-09994 and grant BMS
75-07693 from the National Science Foundation.

References
1 Prehm, P., Jann, B., Jann, K., Schmidt, G. and Stirm, S. (1976) J. Mol. Biol. 101, 277—281
2 Bayer, M.E, (1968) J. Gen. Microbiol. 53, 395—404
3 Bayer, M.E. (1968) J. Virol. 2, 346—356
4 Loeb, M.R. (1974) J. Virol. 13, 631—641
5 Loeb, M.R. and Kilner, J. (1978) Biochim. Biophys. Acta 514, 117—127
6 Siegel, P.J. and Schaechter, M. (1973) Annu. Rev. Microbiol. 27, 261282
7 Siegel, P.J. and Schaechter, M. (1973) J. Virol. 11, 359—367
8 Parson, K.A., Warner, H.R., Anderson, K.L. and Snustad, D.P. (1973) J. Virol. 11, 806—809
9 Peterson, R.F., Kievitt, K.D. and Ennis, H.L. (1972) Virology 50, 520—527

10 VBecﬁkey.iA.D., Wulff, J.W. and Earhart, C.F. (1974) J. Virol. 14, 886—894
11 Furrow, M.H. and Pizer, L.1. (1968) J. Virol. 2, 594—605

12 Peterson, R.H. and Buller, C.S. (1969) J. VIrol. 3, 463—468

13 Langworthy, T.A. and Buller, C.S. (1973) Virology 54, 80—89

14 Majumdar, C., Dewey, M. and Frankel, F.R. (1972) Virology 49, 134—144

15 Mathews, C.K. (1971) Bacteriophage Biochemistry, van Nostrand Reinhold Co., New York
16 Showe, M.K. and Black, L.W. (1973) Nature New Biol. 242, 70—75

17 Josslin, R. (1971) Virology 44, 101—107

18 Buttin, G. (1963) J. Mol. Biol. 7, 164—182

19 Earhart, C.F, (1970) Virology 42, 429—436

20 Fletcher, G., Wulff, J.L. and Earhart, C.F. (1974) J. Virol. 13, 73—80

21 Mclntosh, M.A. and Earhart, C.F, (1976) Biochem. Biophys. Res. Commun. 70, 315—322
22 Steinberg, C.M. and Edgar, R.S. (1962) Genetics 47, 187—208

23 Osborn, M.J., Gander, J.E., Parisi, E. and Carson, J. (1972) J. Biol. Chem. 247, 3962—3972
24 Filip, C., Fletcher, G., Wulif, J.L. and Earhart, C.F. (1973) J. Bacteriol. 115, 717—722

25 Laemmli, U.K. (1970) Nature 227, 680—685

26 Inouye, M. and Guthrie, J.P. (1969) Proc. Natl. Acad. Sci. U.S.A. 64, 957—961

27 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J, (1951) J. Biol. Chem. 193, 265—2756
28 Schnaitman, C.S. (1971) J. Bacteriol. 108, 545—552

29 Pollock, P.N. and Duckworth, D.H. (1973) Biochim. Biophys. Acta 322, 321—328

30 Takacs, B.J. and Rosenbusch, J.P. (1975) J. Biol. Chem. 250, 2339—2350



222

31
32
33
34
35
36

37

Bayer, M. (1970) Biophys. Soc. Abstr., 268a

Vallee, M. and Cornett, J.B. (1973) Virology 53, 441—447

Muhlradt, P.F., Menzel, J., Golecki, J.R. and Speth, V. (1973) Eur. J. Biochem. 35, 471—481
Thompson, S. and Wiberg, J.S. (1978) J. Virol. 25, 491—499

Ennis, H.L. and Kievitt, K.D. (1977) J. Virol, 22, 553—560

Thermes, C., Daegelen, P., de Franciscis, V. and Brody, E. (1976) Proc. Natl. Acad. Sci. U.S.A. 73,
2569—2573

Aebi, U., Bijlenga, R., van den Broek, J., van den Broek, R., Eiserling, F., Kellenberger, C., Kellen-
berger, E., Mesyanzhinov, V., Muller, L., Showe, M., Smith, R. and Steven, A. (1974) J. Supramol.
Struct. 2, 263—275



