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We have presented a new approach to studying bacteriophage T4 head matura-
tion. Using a modified M-band technique, we have shown that progeny deoxy-
ribonucleic acid (DNA) was synthesized on the host cell membrane throughout
infection. This DNA was released from the membrane later in infection as the re-
sult of formation of the phage head; detachment of the DNA required the action
of gene products 20, 21, 22, 23, 24, 31, 16, 17 and 49, known to be necessary for
normal head formation. Gene products 2, 4, 50, 64, 65, 13 and 14, also involved in
head morphogenesis were not required to detach progeny DNA from the mem-
brane; the presence of the phage tail and tail fibers also was not required. DNA was
released in the form of immature heads and initially was sensitive to deoxyribo-
nuclease (DNase). Conversion to DNase resistance followed rapidly. The amount
of phage precursors present at the time of DNA synthesis determined the time of
onset and detachment rate of DNA from the M band as well as the kinetics by
which the detached DNA become DNase resistant.

Bacteriophage T4 head maturation has been
studied for the most part by a single type of ob-
servation; lysates of cells infected under nonper-
missive conditions with conditional lethal mu-
tants have been examined by electron microscopy.
The role of each head geine has been inferred from
the stage of morphological arrest in the various
mutants (20, 7, 18, 6, 30, 23, 31). More recently
the problem has been approached biochemically,
and the proteins from lysates of mutant-infected
cells have been examined by acrylamide gel
electrophoresis (21, 2, 14, 15, 3, 8, 17, 19). From
these observations, capsid morphogenesis can be
divided into four stages-head formation, DNA
packaging, and two completion steps-but these
processes are poorly understood.

It has not yet been possible to study T4 head
morphogenesis by in vitro assembly. Emphasis
has been on the use of mutant phenotypes rather
than on the search for normally occurring inter-
mediates in head formation. This can be mis-
leading since head-related structures which
accumulate in infections with mutant phages may
not represent normal stages in maturation but
may be derived from them as aberrant forms.

In this report we describe a method for study-
ing T4 maturation which potentially can be used
for isolating intermediates in capsid. formation
from cells infected with wild-type phages. We
used the magnesium-Sarkosyl crystals or M-band

technique (5, 28) as a tool for fractionating the
T4 infected cell. This method can be used to
separate the cell membrane DNA complex from
other relevant cell constituents, in this case
mature phage and free DNA. This technique was
previously used to examinie the associationl of
newly made aild parental T4 DNA with the host
cell membrane. Phage DNA was found in the
M band early in infection and became detached
later (4, 5). Thus it seemed likely that the detach-
ment of DNA, a late event, was a result of phage
maturation (4).

Because cells late in infection are very fragile,
we modified the M-band method accordingly for
the study of these late events. We found that de-
tachment of progeny DNA from the membrane
requires functional products of the genes involved
in head formation and DNA packaging.

MATERIALS AND METHODS
Bacterial strains. Escherichia coli CR63 was

the permissive host for amber mutants of T4, and
E. coli B was used as the restrictive host. Both
were obtained from E. B. Goldberg.
Bacteriophage strains. For bacteriophage

strains used, see Table 1.
Media. Phage (P) broth (29) was used as the

growth medium. Dilution fluid and washing fluid
used in phage purification have been described (4).
Chemicals and radiochemicals. Sarkosyl

NL-30 was a gift of Geigy Chemical Corporation,
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TABLE 1. Mutants of T4D

Phage Gene and function Source

ac4l Wild-type, acridine resistant E. Goldberg
amH26 e, lysozyme E. Goldberg
amB5 t, "membranase" R. Josslin (16)
tsA81 55, maturation E. Goldberg
tsN8 21, head E. Goldberg
amN135 5, tail E. Goldberg
amN52 37, tail fiber E. Goldberg
amN69 12, base plate E. Goldberg
amB17/H11 23, head J. King
amN66 16, head J. King
amN56 17, head J. King
amE727 49, head J. King
amN50 20, head W. Wood
amN76 21, head W. Wood
amB270 22, head W. Wood
amE58 24, head J. King
amN54 31, head W. Wood
amN51 2, head W. Wood
amN112 4, head W. Wood
amA458 50, head W. Wood
amE1102 64, head W. Wood
amE38 65, head W. Wood
amE609 13, head W. Wood
amB20 14, head W. Wood

Ardsley, N.Y. All radiochemicals were purchased
from New England Nuclear Corp. The phosphoric
acid-32P was carrier free in 0.02N HCI. Thymidine-
methylPH and thymidine-S-14C had specific activi-
ties of 6,700 mCi/mmol and 50 mCi/mmol, re-
spectively.
Enzymes. Lysozyme, ribonuclease (RNase;

bovine pancreas), and deoxyribonuclease (DNase)
I (bovine pancreas) used for phage purification,
and DNase I (RNase-free, electrophoretically
purified), used for determining DNase sensitivity
of nascent T4 DNA, were all purchased from
Worthington Biochemical Corp. Pancreatin was
obtained from Calbiochem.
Growth and infection of cells. A 2-ml amount

of an aerated overnight culture of E. coli B was
used to inoculate 200 ml of broth. The culture was
grown with aeration at 37 C to a titer of 2 X 108
and concentrated to 5 X 108 to 1 X 109 cells per ml.
Phage were added at a multiplicity of infection of
5 to 7 and absorbed for 2 min at 37 C without
shaking. Infection was timed from the start of
aeration. Viable cell counts were taken at 5 miii
after addition of phage at which time 98 to 100%
of the. cells were infected.
Labeling of infected cells. Unless stated

otherwise, infected cells were continuously labeled
with 5 to 10 MCi of thymidine-methyl-3H per ml
added between 7 and 8 min after infection at 37 C.
Modified M-band procedure. When indicated,

samples were harvested and M bands were pre-
pared by a modification of the method of Earhart
(4). Unless stated in the text, 0.4-ml samples of

cultures were placed directly on the top of a
linear 15 to 47% sucrose gradient prelayered with
25 Mliters of 1 M NaCN. A 0.1-ml amount of a 1:1
mixture of lysozyme (2 mg/ml) and a 2.7 mg/ml
concentration of ethylenediaminetetraacetic acid
(EDTA) were then added and mixed with the sam-
ples. Care was taken to avoid disturbing all but the
uppermost portion of the gradients. The gradient
tubes were allowed to stand for 30 min and then
0.05 ml of 5% Sarkosyl and 0.1 ml of 0.1 M MgSO'
were added to the top and crystals were allowed to
form. The layers on top of the gradients were
mixed and allowed to stand undisturbed for a fur-
ther 15 min. Centrifugation, fractionation, and
other methods were described by Earhart et al. (5).
DNase treatment. M bands and top fractions

were collected. Samples were treated with 50
gg of DNase I per ml for 2 h at 30 C. Controls
indicated that newly made DNA in the M band
was 96% sensitive and that purified T4 phage were
resistant.
Preparation of unlabeled phage stocks.

Phage from a single plaque was suspended in 10 ml
of broth containing a few drops of chloroform,
mixed, and allowed to stand 30 min at room tem-
perature. Soft agar overlay plates were made by
mixing about 101 phage with fresh E. coli CR63
plating bacteria. After growth, a few drops of
chloroform and 5 ml of broth were added to each
plate and allowed to stand for 30 min. The overlay
agar was removed to centrifuge tubes, and addi-
tional broth was added to fill the tubes. Agar and
bacterial debris were removed by centrifugation
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at 12,000 X g for 5 min. The supernatant fluid was
treated with 1RNase and DNase (10 mg/ml final
concentration) for 30 min at 37 C and then about
10 mg of pancreatin was added for an additional
30 min. The lysate was filtered sequentially
through membrane filters (0.80 ;n and 0.45 pm
pore size, Millipore Corp). Phages were sedi-
mented by ultracentrifugation at 50,000 X g for
45 min, washed three times, and resuspended in
washing fluid.
Preparation of J2P-T4. 32P-T4 phage were pre-

pared as described by Earhart (4). After phages
were purified by washing, they were sedimented
to equilibrium in CsCl. The phage band was
collected with a syringe and dialyzed sequentially
against 4M NaCl, 3M NaCI, 2M NaCl, 1 M NaCl
(all in washing fluid). The last dialysis was against
washing fluid without added salt.
Preparation of 0P-T4 DNA. Three times

phenol-extracted 32P-T4 DNA was a gift of L. A.
McNicol.

RESULTS
Localization of mature phage and purified

phage DNA in the gradient. To determine
whether mature phage or purified phage DNA
were entrained in the M band, we conducted the
following reconstruction experiment. E. coli B was
infected with T4 amH26 (lysozyme minus) and
was harvested at various times according to the
procedure of Earhart (4). The cells were resus-
pended in buffer containing 0.025 M NaCN.
Each time sample was divided into four parts
which were layered on gradients and treated with
lysozyme-EDTA. Two parts were mixed with
J2P-T4 (6 X 108 plaque-forming units) or 3.5 &g
of 2P-T4 DNA. The remaining two samples were
mixed with labeled phage or DNA after the lysis
treatment and the addition of Mg2+ and Sarkosyl.
The results presented in Table 2 indicate that 95
to 99% of the phage and 91 to 99% of the phage
DNA were found in the top fraction. Thus,
neither phage nor phage DNA are entrained in the
M band under our conditions.
Harvesting procedures for fragile infected

cells. Earhart (4) reported that progeny DNA
was synthesized on the host membrane early in
infection and in the cytoplasm at later times.
Since cells in the late stages of infection may be
lysed during the harvesting procedure, newly
made DNA in the cytoplasm may appear due to
artifactual shearing of DNA from the membrane.
We investigated this possibility by comparing the
standard method with procedures designed to
minimize lysis of cells late in infection.
At various times after infection with amH26

(gene e-) E. coli B was pulse-labeled for 60 s with
10 MCi of tritiated thymidine per ml. Two sam-
ples were taken at each time indicated. One was
treated with lysozyme on top of a gradient (see

Materials and Methods). The other sample was
treated by the standard M-band method (Ear-
hart, [4]), which involves lysozyme treatment in
a test tube prior to layering on the gradient. As
shown in Table 3, M bands from cells treated with
lysozyme in a test tube contained much less
newly synthesized DNA than those from cells
layered directly on the gradient. Similar results

TABLE 2. Reconstruction experiment to determine
location of mature phage and mature phage

DNA in gradient
Raiatiiyi

Addition to cellsa

A. 3'P-T4

3'H-T4 DNA

B. "2P-T4

32P-T4 DNA

Fraction

Top
M band
Bottom
Pellet

Top
M band
Bottom
Pellet

Top
M band
Bottom
Pellet

Top
M band
Bottom
Pellet

Radioactivity in
each fraction (%)

Time after infection

O min 15 min 25 min

96.0 96.5 97.5
3.1 3.3 2.1
0.2 0.1 0.1
0.6 0.1 0.3

91.0 98.5 97.5
6.1 1.0 2.2
1.4 0.4 0.0
1.5 0.1 0.3

98.2 98.4 98.6
1.6 1.2 1.3
0.0 0.4 0.0
0.2 0.0 0.1

96.8 95.4 97.5
2.6 4.4 2.3
0.0 0.0 0.2
0.6 0.2 0.0

a A, DNA and T4 present for 20 min with lyso-
zyme-EDTA. B, DNA and T4 added to gradient
after Sarkosyl and Mg"+.

TABLE 3. Locationt of nascent T4 DNA using two
methods of sample preparation

Newly made DNA in M band
Time after infection M"

(min)
A B

5 64 99
10 63 99
15 28 97
20 24 93

a Method A, Samples were treated by the
standard procedure (4). Method B, Samples
were placed directly in gradient, spheroplasted,
and lysed oIn the gradieint. Each time sample was
collected after a 1-min pulse of tritiated thymi-
dine.
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were obtained using wild-type T4. We interpret
this to mean that the standard procedure resulted
in premature lysis of cells late in infection and
that this caused shearing of nascent DNA from
the M band.
We have used this improved harvesting tech-

nique to examine the localization of newly synthe-
sized phage DNA. DNA pulse labeled early in
infection was initially found in the M band (Fig.
1). Later, detachment occurred and the DNA was
released into the top fraction. The same rate of
detachment was observed for both wild-type and
amH26 (gene e)-infected cells. Similar results
were obtained for cells infected with amB5
(reference 16; gene t-) at 25 C (not shown).
Figure 1 shows that the detachment kinetics of
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FIG. 1. Detachment of newly made DNA from

M band at 87 C. A, 4.5 min after infection of E. coli B
with T4D ac 41 or T4 amHB6, 15 ACi of 3H-thymidine
per ml was added for 45 s. Incorporation was termi-
nated by resuspending infected cells in broth contain-
ing 500 ug of thymidine per ml ( ). B, At 6 min after
infection of E. coli B with T4D ac41, 0.5 ,uCi of
thymidine 2-14C per ml was added (0). C, At 4 min
after infection of E. coli B with T4 tsA81 at 42 C
5uCi of thymidine-3H per ml was added (A). Sam-
ples were taken at various times and placed on the top
of gradients. T'he percentage of DNA in the M band
was determined for each time indicated.

pulse-chase-labeled DNA (curve A) are similar
to those observed with continuously labeled
progeny DNA (curve B). Therefore, in many of
the experiments to be described, continuous
labeling was used to avoid difficulties in washing
out thymidine pools after a pulse.
Requirements for detachment of DNA

from the M band. We hypothesized that de-
tachment of DNA from the M band was the re-
sult of its encapsulation into the head structure.
To test this idea, detachment was examined using
various mutants of T4 defective in maturation
and head formation.

Late protein synthesis was shown to be neces-
sary for DNA detachment by the following ex-
periment. DNA was pulse labeled during infec-
tion with tsA81, a maturation-defective mutant
in gene 55. Under nonpermissive conditions where
no late protein synthesis occurred (26), the newly
made DNA did not detach from the M band
(Fig. 1C).
Next we examined various mutants defective

in maturation processes to determine their role in
the detachment of DNA. Rates of detachment
comparable with wild-type were obtained for
mutants in tail formation (amN135, gene 5), in
tail fiber formation (amN52, gene 37), and in base
plate completion (amN69, gene 12). Therefore,
normal morphogenesis of the tail or tail fiber was
not required to detach DNA from the M band.
This result was expected since the head morpho-
genesis pathway is independent of formation of
the tail and tail fibers.
The rates of detachment of a variety of mu-

tants defective in head morphogenesis were simi-
larly examined. The results are summarized in
Table 4. It was found that gene products neces-
sary for head formation were required for detach-
ment of DNA from the M band.

Genes 16, 17, and 49 are thought to be involved
in DNA packaging (28) since the empty heads
observed in mutant lysates appear to be formed
normally (20). The products of these three genes
were found to be necessary for DNA detachment
from the M band. Mutants in gene 49 showed the
least detachment of all the genes tested. An
average of only 1% was detached.
The actioil of genes 2, 50, 64 (which are neces-

sary for cleavage of head proteins at normal rates
[21]), genes 13 and 14 (which are necessary to
conivert the filled head to a substrate for tail
addition [6]), anid geines 4 anid 65 were niot required
to detach DNA from the M band. Detachment
kiinetics for these mutants were the saine as those
shown in Fig. 1 for wild-type T4.
We concluded from these results that the T4

C

B
I A
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TABLE 4. Detachment of progeny T4 DNA from the M band after infection of E. coli with various phage
mutants

Gene Defective function Detachment"

55 tsA8K Maturation

20 amN50 Head formation
21 amN76, tsN8 - (20%)
22 amB270
23 amB17/Hll
24 amE58
31 amN54

16 amN66 DNA packaging
17 amN56
49 amE727, tsC9

2 amN51 Head formation and completioni +
4 amN112 +
50 am458 +
64 amE1102 +
65 amE38 +

13 amE609 Head completion +
14 amB20 +

5 amN135 Tail +
12 amN69 Base plate addition +
37 amN52 Tail fiber +

-X Detachment defective, usually no more than 5% of DNA is released; +, detachment functional,
70 to 90%o of DNA released. See Fig. 1 for representative rate of nascent DNA detachment.

DNA is detached from the host cell membrane in
the form of a phage head, requiring the action of
gene products 20, 21, 22, 23, 24, 31, 16, 17, and
49, but not 2, 50, 65, 64, 4, 13 or 14.
DNase sensitivity of detached DNA. DNA

in the M-band fraction is sensitive to degradation
by DNase whereas DNA in the mature phage is
resistant. We wished to determine the kinetics of
conversion from DNase sensitivity to resistance.

Wild-type infected cells were pulse labeled with
'H-thymidine at 4.5 min after infection. Incorpo-
ration of label was terminated at 5.25 min by
chilling and resuspending the infected cells in
phage broth containing 500 Mg of thymidine per
ml. Samples were taken at various times during
the chase and layered directly on a chilled gra-
dient. After centrifugation, the top and M-band
fractions were treated with 50 Mg of DNase per ml
for 2 h at 30 C or with 50 ,ug of bovine serum
albumin per ml as a control. Figure 2A shows that
the proportion of DNA in the top fraction, which
is DNase sensitive, decreased as a function of time
after infection. The results presented in Fig. 2B
are expressed as the ratio of DNA resistanit or
sensitive to DNase in each fraction to total DNA

(DNA in the top and the M band before DNase
treatment). It appeared from these data that
DNA synthesized in the M-band fraction was
released in a DNase-sensitive form onto the top
fraction where it rapidly became DNase resistant.

In this experiment there appeared to be a short-
lived, DNase-sensitive capsid intermediate which
could have been an artifact resulting from the
rupture of mature but unstable heads without
tails. Therefore we repeated the experiment with
a tailless mutant, amN135 (gene 5). The amount
of DNase-resistant DNA in the top fraction was
much less than that found in wild-type T4 (com-
pare Fig. 3A and 2A). Most of the DNase-
sensitive DNA probably arose from unstable free
heads, since in the amN135 infection DNase-
sensitive DNA continued to increase with time
(Fig. 3B). Presumably this reflected the produc-
tion of new unstable heads which were not con-
verted to DNase-resistant phage particles. How-
ever, some DNA released in a sensitive form ap-
peared to be a precursor for the DNase-resistant
heads (Fig. 3B). It is likely then that the head is
released from the M band in an uncompleted
DNase-sensitive form which becomes DNase re-
sistant by the action of head gene products, per-
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FIG. 2. DNase sensitivity of detached DNA in a

wild-type infection. At 4.5 min after infection of
E. coli B with T4 ac4l, 13 pCi of 3H-thymidine per
ml was added. Incorporation was terminated at 5.25
min by resuspending infected cells in broth con-
taining 500 pg of thymidine per ml. Samples were
placed on gradients, and M-band determinations were
made at the times indicated. The M band and top
fraction from each sample were divided in two, half
was treated with DNase and half served as a control as
described in the text. A, Percent of the DNA in the
top fraction sensitive to DNase (0), and percent of
the DNA in the M band resistant to DNase (0). B,
DNase-sensitive DNA in M band/total DNA (0);
DNase-resistant DNA in top fraction/total DNA
(0), DNase-sensitive DNA in top/total DNA (X),
and DNase-resistant DNA in M band/total DNA
(A).
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FIG. 3. DNase sensitivity of detached DNA in an
amNl35 infection. 'H-thymidine was present from
4.25 min to 5 min after infection of E. coli B with
amNl35 (gene 5). The experimental procedure was
described in the legend Fig. B. The symbols are the
same at in Fig. S.

haps 13 and 14. Complete stabilization is lacking
without the tail however (Fig. 3B).
Detachment of DNA at various times. An

attempt was made to correlate the time of DNA
synthesis with the time it detached from the
M band. Figure 4A shows that detachment
occurred at the same rate whether the DNA was
pulse labeled at 6, 8, or 10 min after infection.
When detachment of DNA from the M band was
plotted as a function of time after pulse labeling
(Fig. 4B), the results showed that, with DNA
made later, the onset of DNA detachment
occurred sooner thanl with DNA made earlier in
infection. Later times were examined using
amH26 and similar results were obtained (DNA
labeled at 6, 11, and 15 min).

Later in infection, more rapid encapsulation of
phage DNA may reflect the presence of larger
amounts of structural phage precursors. To test
this hypothesis the experiment was repeated at
late times of infection using E. coli infected with
the lysis delay mutant amB5. DNA was pulse-
labeled for 1 min from 40, 43, and 46 min after
infection at 25 C. Again, DNA synthesized later
was detached sooner than DNA made earlier. The
difference was less dramatic than shown in Fig.
4B. DNA made at 46 to 47 min was detached
2 min sooner after the pulse than DNA made at
40 to 41 min. Therefore, the amount of structural
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MINUTES AFTER INFECTION MINUTES AFTER PULSE

FIG. 4. Detachment ofDNA made at various times.
A, E. coli B infected with T4D ac4l was labeled with
,0 pCi of thymidine IH per ml from 6 min to 6.75
min (0) or 8 min to 8.75 min (0) or 10 min to
10.75 min (X). Incorporation was terminated by
resuspending infected cells in broth containing 500
pg of thymidine per ml. Samples were taken and
processed as described in the legend to Fig. 1. B, The
data presented in Fig. 4A is replotted as percentage
ofDNA in the M band vs. min after the pulse, rather
than time after infection.
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precursors present at the time the DNA was
synthesized does affect its rate of detachment.

Figure 5 shows that DNA synthesized later
and, once detached, became DNase resistant more
quickly than DNA made earlier. The rate of com-
pletion of phage heads as evidenced by their
increased resistance is thus also influenced by
availability of structural phage precursors.

DISCUSSION

Using modifications of the M-band technique
we have found that T4 DNA is synthesized on the
host membrane throughout infection (Table 3).
This is consistant with the results of others (1,
25, 27) who found that the replicative complex
could be isolated as rapidly sedimenting material
presumably due to the association of DNA with
other cell components.

After synthesis, the DNA remains attached to
the membrane until it is removed by encapsula-
tion. The capsid is probably released from the
membrane in a nearly complete but immature
form. These conclusions are drawn from the gene
product requirements for detachment (Table 4)
and the DNase sensitivity of the DNA before and
after detachment from the membrane (Fig. 2 and
3).
Late protein synthesis was found to be required

for the release of progeny DNA from the M band.
Earlier results of Frankel (9, 11) demonstrated
that inhibition of protein synthesis prevented the
formation of mature DNA molecules from long
replicative DNA. DNA in the M band probably
consists of concatemers from which DNA is re-
leased by encapsulation, since normal head
morphogenesis was found to be required for de-
tachment of the DNA from the host membrane.
T4 mutant in genes 20, 21, 22, 23, 24, 31, 16, 17,
or 49 released little DNA from the M band. On
the other hand, products of genes necessary for
completion of the assembled head, i.e., 2, 4, 50,
64, 65, 13, and 14, were not found to be necessary
for detachment. These results are in agreement
with those of Frankel (10) and Fujisawa and
Minigawa (13) who found that gene products 20,
21, 22, 23, 24, 31, 16, 17, and 49 were necessary
to cut the replicative concatemers into mature
phage lengths. Thus, although Frankel et al.
demonstrated in vitro that head formation is not
necessary for cutting genome lengths from
concatemers (12), our results and those of others
indicate that in vivo normal head formation is
essential for cutting genome lengths from the
replicative complex.

In addition, the genie product requirements
(Table 4) for detachment iildicate that this DNA
is associated with a nearly completed capsid.

' A00 '
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0 080
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aG. 0uJ6

w
(0
~20
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O 5 10 1520 25
w
CL MINUTES AFTER PULSE
FIG. 5. DNase sensitivity of detached DNA. Top

fractionsfrom the experiment described in Fig. 4 were
divided in two, half was treated with DNase and half
served as a control. The percent of each sample which
was DNase sensitive is shown. The symbols are the
same as in Fig. 4.

DNA is released from the M band in a DNase-
sensitive form which rapidly becomes resistant to
the enzyme (Fig. 3B). Perhaps action bv gene
products 13 and 14, known to act in vitro to make
the head a substrate for the tail (6), serves to plug
the head and makes it resistant to DNase, though
unstable without the tail (Fig. 4B).
The observation that DNA made later be-

comes detached from the M band more quickly
may be explained by the increase in the pool of
phage head precursors at later times (14), i.e.,
greater amounts of those gene products required
for detachment. DNA released from the M band
becomes resistant to DNase more quickly later in
infection when structural precursors are more
abundant. Therefore, the acquisition of DNase
resistance probably reflects the amount of pre-
cursors required for completion of the capsid (P13
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and P14, for example) and the amount of tail
structure present in the cytoplasm (consider Fig.
2, 3, and 5).

Frankel et al. have shown that gene 49 mutant
lysates are defective in a nuclease necessary to
produce mature DNA lengths from replicative
concatemers in vitro (12). Our results support
their finding since gene 49 mutants showed the
lowest detachment of DNA from the membrane,
an average of only 1%, as compared to 5 to 10%
for the other head mutants.
Our assay does not measure packaging directly,

but measures release of the DNA from the mem-
brane, presumably the last stage in packaging in
which the DNA is cut. This process is unimpaired
in gene 2, 50, and 64 mutants in which head pro-
tein is not cleaved normally (21). This indicates
that cleavage of the head proteins is not essential
for packaging the DNA into the phage head. Also,
protein cleavage cannot be a prerequisite for gene
49 nuclease activity. However, our unpublished
data indicate that at least some cleavage occurs
before the DNA is released from the M band.

If the DNA were associated with a capsid struc-
ture before being released from the membrane, it
would be expected that head proteins found in the
M band could be released artificially by DNase
treatment. Our unpublished experiments indicate
that this is the case. By sodium dodecyl sulfate
acrylamide gel electrophoresis it was found that
the major protein in the M band late in infection
is cleaved P23. It could be released from the
membrane by DNase treatment prior to cell
fractionation. Also, Luftig and Ganz have found
that gene 49 defective heads are attached to cell
debris via a DNase-sensitive complex (24).
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