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INTRODUCTION

The synthetic processes initiated in a bacterial cell
after phage infection bring about the accumulation of the phage
structural elements. At a certain moment an assembly process
begins: DNA condenses into compact structures around which the
protein shell is being laid down followed by the attachment of
the tail, plate and fibers. A mature infective phage comes into
existence (Kellenberger et al., 1959).

Acridine dyes inhibit maturation (Foster, 1948)., Serolo-
gical and electron microscopic studies have shown that phage
structural proteihs accuhuiate in the preéence of proflavine
(De Mars et al., 1953, De Mars, 1955, Kellenberger and Séchaud,

1 1957). The nature of the material accumulated in a phage~in-
fected cell in thé-presenée of acriflavine was studied by Uchida
(1958a, 1958b), who used isotopic labels to demonstrate that T2
DNA and protein accumulated in the.presence of acriflavine are
incorporated into viable phage after removal of the dye.

The time of the appearance of the first infective phage
particle in the cell is usually taken to define the beginning of -
matgratién. The nature of the process that determines the fiming
of maturation remains obscure (Susmanetal., 1965). Since acri-
dine dyes not only prevent maturation but also suspend the timipg
of maturation, the latter process has been called an "acridiﬁe-
sensitive clock." It has been shown that the clock does not

1
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depend on concurrent DNA or“protein synthesis.

Maturation itself does not depend on protein synthesis.
Thisis demonstrated by the observation that phage material accu-
mulated in the presence of 9-amino acridine (9AA) can be matured
upon dilution from 9AA into puromycin (Susman et al., 1965). A
suitable concentration of 94AA added at th: time of infection
suppresses phage fdrmation to 0.0l or less phage per infected
cell. It is not until about 6 minutes after diiutioh from 9AA
that the yield of phage begins to exceed the number of infected

~cells. Since the same pattern of phage synthesﬁs occurs in the
. presence of pﬁromycin .even if puromycin is added 16 minutes be-
fore the dilution from 9AA, one can conclude that phage precursor
. waterial exists before maturation begins and that it matures in
the presence of puromycj.n. This g::Lves us a method to study ex-
clusively the Precursor protein that has been made while matura-
tion was prevented by 9AA. We can ask the following questions:
1. How much maturable precursor protein accumulates in acridine?
2. How is this quantity affected by 9AA concentration?
3. Is the precursor protein bound to precursor DNA in the pre-~
sence of acridin;, or does it associate with the DNA only after
the acridine has been removed? B
The next step was to study maturation of phage under condi-

. tions of arrested protein synthesis without recurrence to 9aAA.

We hoped to get some insight into the normal maturation process.
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Thus new questiéns presented themselves:

4, What is the earliest time of appearance of a‘c‘omplete set of
rhage proteins that can be put together into infective phage in
the absence of protein synthesis?

5. How much maturable phage material accumulates before the end
of the eclipse?

6. Howis the rate of maturation controlled by protein synthesis?

This thesis is an attempt to answer these questions.
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. MATERIALS AND METHODS

Strains. Escherichia coli B/5 was used as hosf and as indi-
cator. In some experiments E. coli 5/6/5 and F(A) were used as
indicators (Steinberg and Edgar, 1962). The efficiency of pla-
ting of wild type phage T4 on these strains is the same. TUurII
mutants do not grow on F(A). Wild type bacteriophage T4D was
used in all experiménts excej:t the.determination of sérum blocking
power. In this test a mutant T4rIIA NB831 isolated by Dr. I.
Teséman was used. This mutant was provided by Dr. M. Nomura.
Another_mutant of T4, amber x2d, which i; a double mutant in
gene 3#; was generously given by Dr. R.- S. Edgar. This mutant
when grown in the restrictive host B/5 fails to synthesize one
of the proteins responsible for s§rum blocking power (Edgar -
personal communication).

Preparation of an absorbed serum. A lysate of amber x2d
after growth‘in E. coli B/5 was used to absorb normal anti-T4
rabbit serum so that the only phage neutralizing antibodies left
in the serum were those directed against the single protein Ppro-
duct of gene 34 (a tail fiber gene, Edgar and Epstein, 1965).
The lysate obtained from infection and lysis of about 108 cella‘
per ml (washed in the cold 5 minutes after infection to remove
unadsorbed phage) was first centrifuged atv 5000 rpm to remove
bacterial deﬁris and then tested for its serum blocking activity
as described by De Mars (1955). The absorption of- an hyperim-
mune anti-T4 rabbit serum (kindly donated by Dr. Peter‘Sheldrick)

4L
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5
with the lysate was carried out as follows. The x2d lysate was
mixed in H-broth at a final dilution 1:6 (this particular con-
centration of the lysate provided a slight antigen excess) with
the serum at a final dilution 1:5000 and inéubated at 31°C for
24 hours.

Hedia'and Growth. Synthetic medium was used in all experi-

ménts and was prepéred as follows: to 100 ml of phosphate buffer
(containing 0.119 g of’KHapou and 0.910 g of Na,HPO,) gere-added
2 ml of 20 percent glﬁcose solution, 1.3 ml of & combined solu-
tion of NaCl (13.5 percent) and NH,C1 (5.5 percent), - 0.1 ml of

..1M Mgso#. O.1 ml of O.1IM CaCla, and 10 ﬁl of a 10 percent solu-
tion of Casamino acids "Vitamin free" (Difco) adjusted to pH 8.0
with NaOH and sterilized by filtration. When cultures were to
be vigorously bubbled, 1.0 ml of 0.2 percent gelatin (adjusted
to PH 7.5 with_Tris and sterilized by filtration) was added to
avoid surface denaturation of phage. All components of the me-
dium were autoclaved separately (except for'the Casamino acids
and the gelatin), and fresh medium was mi#ed immediat;ly before
each experiment. Final pH of the mgdium is 7.52.

Two 10 ml overnight cultures of fhe host bacteria were
grown at 31°C. One of these was inoculated directly from the
slant and the second was a 100-fold dilution of the first. It
was found preferable to use bacteria from cultures that have not
quite reached saturation. Therefore if the overnight growth has
proéeeded for more than 8 hours the more dilute of the two over-

- nights was used to initiate the host cell qulﬁure.
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Host cells were prepared by diluting an overnight culture
200=-fold into fresh medium and aerating them at the same tem-
perature for 2.5 hours to reach 3 to 5 x 107 bacteria per nal.
The culture was then spun and resuspended in a small volume of
fresh medium. For optimal growth of phage, the bacteria were
kept in ice 2 hours prior to infection.

Indicator bacteria were prepared in the same way as descri-
bed above, but the growth medium was H-broth (Steinberg and Ed-
gar, 1962).

Phage stocks were grownin the sfnthetic medium but without
Casamino acids. The lysates were purified and concentrated by
centrifugation.

Illumination. The illumination of phage with visible light

(VL) was carried out as described by Stahl et al. (1961) except
that the distance from the lamp was 18 cm; The lamp (Champion,
F4OCW - Cool White, 4OW, Preheat - Rapid Start) was bare and
used without a reflector. O.1l ml samples were withdrawn at
intervals into broth dilution tubes aﬂd kept in darkness. All
experiments with S5-bromodeoxyuridine (BUDR) incorporation were
performed in yeilow light.

The preparation of lysates for illumination was carried out
as follows. The lysates were spun at high speed (12,000 rpm,
rotor 40, Spinco Ultracentrifuge Model L) with T6 phage as -
carrier.‘ The-pelleta were resupendedinbuffer and after illu-
mination assayed by plating on E. coli §/6/5.

Chemicals. Crystalline 5-methyl DL-tryptophan was pur-
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chased from Sigma Chemical Company, 5-bromodeoxyuridine and
thymidine from California Corporation for Biochemical \Research.
Puromycin.2HC1l from Nutritional Biochemicals Corporation was
mede available to us through the courtesy of Dr. M. Nomura. A
second batch of this compound from the same company turned out
to have a lytic activity similar to chloramphenicol when added
close to the end of the eclipse period. We é.'re deeply grateful
to Dr. B. L. Hutchings of the Lederle Laboratories who provided
us Yiﬁth a sample of highly purified puromycin. This sample en-—
abled us to repeat and to extend our previous experiments.‘

9-amino aéridine hydrochloride (9AA) was obtained from
Mann Research Laboratories, Inc. A solution of 9AA is stable
over long periods of time. Experiments with 9AA - in contrast
to proflavine and acriflavine - can be carried out under ordina-
ry fluoregceﬁt lamps since the dye does not photosensitize the
infected complexes.

Phage Techniques. Phage assays and platings were carried

out as described by Adams (1959).
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RESULTS

l. The Maturation Process in the Presence of Inhibitors of

Protein Synthesis. Puromycin blocks protein synthesis after
aminoacyl-SRNA formation (Yarmolinsky and de la Haba, 1959).
Nathans (1964) has shown that puromycin inhi‘ﬁi£s growth of E. co-
l_i through i,ncérporation into peptide .linkages. In our experi-
ments we had to use higher concentrations of pﬁromycin than those
employed by Nathans since the Mg concentration in our medium is
higher. However, 200 ug per ml is a sufficient concentration
since doublipg this amount does not further increase the inhibi-
tion. Puromycin is supérior to chloramphenicol in that it does
not cause lysis of phage-infected cells when added during the
_ second half of the latent period.
| Figure 1 presents an experiment on the effect of puromycin

on maturation of phage T4D. Infected cells were distributed in-
to five tubes and were grown under continuous aeration at 31°c.
Puromycin was added at the times indicated. Sampling for intra-
cellular phage showed that after addition c¢f puromycin formation
of mature phage at first follows the control and then levels off.
Plotting the final phage yield against the time at which puromy-
cin vas added gives a straight line which intersects the abscissa
at 18.5 minutes after infection.

Similar experiments have been done with S5-methyltryptophan,
which inhibits protein synthesis by competing with tryptophan |

for the tryptophan-activating enzyme (Sharon and Lipmann, 1957).
8

-
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Figure 1. T4 Phage Formation after Addition of Puromycin.

A culture containing 1.8 x lO9 bacteria per ml was infected
with T4D at a multiplicity of 5. After 4 minutes of adsorption
and 4 minutes of serum treatment (value of k of the serum in the
adsorption tube about 2) the cu_iture was diluted S5 x 103 and in-
cubated at 31°C. Vigorous aeration was maintained from the be-
ginning of infection. 5 ml gliquots of the culture were deli-
vered into 6 tﬁbes; the first received an equal volume of fresh,
prewarmed medium (control); the remaining tubes received an
equal volume of prewarmed medium containing puromycin .'(final con-
centration 260 ug per ml) at times indicated by arrows (20, 22,
28 and 34 minutes after infection). Samples were withdrawn at
intervals without interruption of aeration, {Jlown into broth sa-
turated with chloroform, anéd assayed for intracellular phage.
The straight line parallel to the control intracellular growth
curve is a plot of the final levels of phage obtained after the

addition of puromycin.
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11

Figure 2. T4 Phage Formation after Addition of S-Methyl-
tryptophan. |

E. coli B/5 at 2 x 10° cells per ml was infected with T4D
at a multiplicity of 11. After &4 minutés of adsorption and &
pigutes of sefum.treatment, the culture was diluted 10# and in-
cﬁSated at 31°C. Vigorous aeration was maintained from the be-
ginniné of infection. At 18, 20, 22, 25, 28 and 31 minutes
after infection, samples were diluted 100-fold into medium con-
taining 20 ug per mllof S-methyltryptophan. The tubes were
aerated and chloroformed‘BO minutes later and assayed for the
final yield of phage. The curve labeled "S-methyltryptophan"
represents the piot of the final levels of phage obtained after
transfer into SMT at the timesigiven above. "Control" is the

intracellularzph&ge growth in medium that did not contain 5MT.
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i..age formation stops about 15 minutes after the addition of SMT
and the cultures are chloroformed 15 minutes later and assayed.
Figure 2 presentg the plots of the final levels of phage obtained
in the presence of SMT and the plot of the coﬁtrol intracellular
rhage growth. The SMT curve intersects the time axis between 16 and
17 minutes after infection (see also Figure 3). It appears that
OMT takes about 1 to 2 minutes longer than does puromycin to in-
hibit the treated complexes. Since SMT inhibits protein synthe~
sis by preventihg the activation of tryptophan, we expect its ef-

- fect on protein synthesis to be delayed until the intracgllular
pool of activated tryptophan is exhausted. »' | |

Thé number of phages appearing after the addition of protein
inhibitor defines the number of phage equivalents of complete
sets of maturable precursor present at the time of addition of
the inhibitor.

The kinetics of maturable precursor formation, as determined
in three experiments with SMT and four experiments with puromycin,
is shown in Figure 3. Thus, there are no complete sets of matu-
rable precursor present in an infected cell &4 to 5 m;i.nutes before
the beginning of maturation. The complete maturable precursc;x"
accumulates linearly until theA 23-rd minute, whichis the time of
appearance of the first intracellular infective phage _(aa mea-
sured by the linear back extrapolate to thé time axis of the intra-
cellular phage growth curve; cf. Figures 1 and 2). The time of
appearance of complete sets of maturable precﬁrsor (about 16

minutes in SMT and 18 minutes in puromycin ) is very reproducible
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Figure 3. Final Yields of Phage Obtained after Transfer into

o-Methyltryptophan and Puromycin.

The values plotted are obtainéd by .‘sub"i:racting the number
of mature phage present in the culture at the moment of-trans-
fer into the inhibitor from the final number of phage obtained
after ::anubation in either inhibitor. The data for SMT come
from 35 independent experiments and the data for puromycin from

4 independeht experiments. See text for discussion.
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from experiment to experiment.

In comparison with puromycin, SMT inhibits the synthesis of
phage proteins with a 1 to 2 minute delay and therefore gives an
exaggerated value for the final level of phage that can be made in
its presence. If puromycin inhibition were instantaneous, the
value of 44 equivalents of phage protein at the beginning of ma-
turation would be a minimum measure of the size of the precursor
pool of the limiting protein.

In order to determine the time needed for puromycin to in-
hibit protein synthesis we have followed the synthesis of a single.
tail fiber protein using a modification of the serum-blocking

~ power test of De Mars (1955). The time needed for‘puromycin to
inhibit the synthesis of this protein is not more than few se-
conds (Figure 4). Measurement of total serum blocking power gives.
identical result. |

If we blot the rate of the coﬁversion of maturable precursor
into infective. phage, we obtain a curve that starts at 18 minutes
and levels off at 26 minutes (Figure 5). Thus, the rate of con-
version of phage precursor material into mature phage increases
for 3 more minutes beyond the beginning of maturation and the:
time when the maximum level of complete sets of maturable pre-
cursor is reached, and then remains constant.

2. Maturation of Phage Material Accumulated in the Presence

of 9AA. The number of complete sets of maturable precursor made
in the presence of 9AA depends on the concentration of 9AA. At

higher concentrations (above 2.5 ug per ml), the amount of viable
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Figure 4. Puromycin Inhibition of the Synthesis of a Tail

Fiber Protein.

A culture containing 2.3 x 109 bacteria per ml was infected
with T4D at a multiplicity of 7. Vigorous aeration was main-
tained from the beginning of infection at 31°C. After 4 mi-
nutes of adsorption the culture was diluted 10~-fold and divided
into 3 parts: two parallel control tubes and one that receivedb
puromycin at 21 minutes after infection (arrow). The two con-
trol fubes received a volume of water that corresponded exactly
to the volume of puromycin solution added to the third tube.
Puromycih concentration was 450 ug per ml rather than the
customary 250 ug per ml because in this experiment the cells
had to be maintainéd at a 1000-fold higher concentration than
in all other experiments described here. Phage yields in pu-
romyein are not ‘affected by increase of the concentration of
the antibiétic. The puromycin preparation was kindly provided
by Dr. B. L. Hutchings of the Lederle Laboratories.

At intervals 2 ml samples from the three cultures were
blown into chloroform. The chloroform lysates were spun at
5000 rpm for 20 minutes. Serial 2-fold dilutions of thé-super-
nates were mixed with equal volumes of a 1:15,000 dilution of
absorbed antiserum (see Methods) for the determination of
_serum-blocking power as described by De Mars (1955). The
ﬁixtures were incubated at 31°C for 18 hours in tubes covered
with Parafilm. The brotﬁ usedbfor dilutions was saturated with

chloroform so that infections were eliminated.
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After incubation, T4D wild type was added to each tube and
the incubation was continued for 2 hours to measure the inactiva-
tion of this tester phage. Then the mixtures were diluted 100~
or 50-fold into broth and assayed on F(A). A .standard curve was
obtained by testing two parallel series of dilutions of T4rIIA
NB831 as blocking phage.

Open and filled circles represent the titers of phage
equivalents of serum blocking power in chloroform samples tak§n
from the two control tubeé. Filled triangles represent SBP

titers from the tube that received puromycin.
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Figure 5. The Rate of Phage Maturation after the Addition of

Puromycin.
The data are derived from two independent experiments.

The open circles are computed from the data plotted on

Figure 1.
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phage produced is lower than the input phage, which in the ex-
periment shown in Figure 6 was 8 particles per bacterium. It
has been pointed oﬁt above that the values obtained here for the
number of complete sets of maturable precursor are "exaggerated
since the dilution from 9AA was made into EMT and not into pu-
romycin (compare with Figure 3). The time of appearance of ma-
turable precursor is independent of 9AA concentrétion and is
about the same as in the control. The results are sihilar if
transfer from 9AA is made into a medium containing puromycin
(Figure 7): the first maturable precursor begins to appear at
the 19-th minute, which is mot significantly different from the
control. In all these experiments the ambunt of intracellular
phage at the moment of dilution from 9AA never exceeded 0.02
phage per infected cell. |

The decline in phage yield after prolonged exposure to
acridine is a common feature of these experiﬁents (compare'with
Figure 6 in the paper by Susman et al., 1965).

3. Incorporation of DNA Made in the Presence of 9AA into

Viable Phage. Uchida (1958a) has shown for T2 that the DNA made
in the presence of acriflavine is incorporatedintoviaﬁle phage
after the dye is removed. The same is true for T4 DNA made in
the presence of 9AA. Susman et al. .(1965) demonstrated reversion
of a T4rII mutant by BUDR in the presence of 9AA. This i’naicates"
that the base analog is incorporated into precursor DNA in the

presence of 9AA. This mutagenesis experiment doesnot reveal the
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Figure 6. Formation of Maturable Precursor at Different Concen-

trations of 9AA as Measured by Transfer into S-Hetglltgzptoghan.

A- culture containing 2.7 x 109 bacteria per ml was infected
with T4D at a multiplicity of 8. After 4 minutes of adsorption
and 4 minutes of serum treatment the cultures were diluted 10“L
and incubated at 31°C. Vigorous aeration was maintained from
the beginning of infection. 9-amino acridine ai—concéﬁtratione
indicated was present from the moment of infection. -Each curve
represents data obtained from a separate adsorption tube. At 5
minute intervals, beginning at 20 minutes after infection,

‘samples were diluted 100-fold from 9AA into medium containing
20 ug per ml of S-methyltryptophan. 30 minutes after transfer
the cultures were chloroformed and assayed. Each pqint re-
presents the final yield of phage obtained in the presence of

OMT after dilution from 9AA at the tiqe on the abscissa.

c .
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distribution of the DNA made in the presence'of OAA among the
phage obtained after the removal of 9AA. In order to study the
problem of DNA distribution, S-bromodeoxyuridine (BUDR) was used
to label DNA. Incorporation of BUDR into DNA increases the sen-
sitivity of the phage to via:{.ble light up to several hundred fold,
depending on the degree of substitution of thymidine by BUDR
(Stahl et al., 1961). The phages containing DNA synthesized in
the presence of BUDR were exposed to visible light. The distri-
bution of BUDR-labeled DNA among the population of phage synthe-

a-8lzed after the removal of 9AA will be reflected in the shapes
of the VL-inactivation curves.

The design of the experiments is represented in Figures 8
and 9. Phage infected cells were incubated for 20, 30, and 40
minutes in medium with 9AA and BUDR, after which they were diluted
100-fold into medium containing excess thymidiﬁe. Chloroform
was added 30 minutes after transfer. The lysates were prepared
for illumination as described under Methﬁds.-

The light inactiva;ion curves in Figure 8 show that the
longer the time spent in 9AA and EUDR the more sensitive are the.
phages produced after dilution from 9AA. The curves demonstrate
one component exponential killing, indicating that the labeled
DNA made in the presence of 9AA becomes uniformly dispersed
among the DNA synthesized after dilution from 9AA and afte: BUDR
incbrporation was prevented by excess thymidine.

Figure 9 gives the VL-inactivation curves in an experiment

where BUDR was present in the post-9AA period but not before.
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Figure 8. Visible Light Inactivation of Phage Grown in the

Presence of 9AA and BUDR and Allowed to Grow and Hature.after

Removal of Both Compounds.

The design of the experiment is given below thg survival
curves. A culture containing 1.9 x 109 bacteria per ﬁl wé.s in-
fected with T4D at amultiplicity of 6.5. 9-amino acridine at a
concentration of 0.8 ug per ml and BUDR at a concentration of
Es 200 ug per ml were present from the beginning of infection. After
4 minutes of adsorption and 4 minutes of serum treatment the'
culture was diluted 100-fold from the adsorptibn tube and main-
tained under vigorous aeration at 31°C. At the times indicated,
a 100-fold dilution into medium containing 100 ug per ml of thy-
midine was made to remove 9AA and BUDﬁ; The cultures were
chloroformed 30 minutes after transfer.: .‘The 1jsates were spun
at high speed with T6 as carrier. The pellets‘weré taken up in
buffer and exposed to Qisible light from a fluorescent lamp
fixture at a distance of 18 cm. Samples were withdrawn at

*  intervals and.assayed on E. coli 5/6/5. The control lysate (not

exposed to BUDR at any time) was prepared in the same way.
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Figure 9. Vieible Light Inactivation of Phage Grown in the

Presence of 9AA and Allowed to Grow and Mature in the Presence

of BUDR after Removal of the Dye.

Tﬁe design of the experihént is given below the phage sur-

vival curves. Adsorption and growth as in Figure 8 but without
BUDR. At times indicated, a 100-fold dilution into medium con-
taining 200 ng per ml of BUDR was made. Preparation of lysat;s
and illumination as in Figure 8. The all-BUDR control was pre-
pared in the same way, but BUDR was present throughout the

- entire period of phage growth.
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Phages coming out of cells that spent the longest time in 9AA
had the least chance to incorporate BUDR, but almost all of them
did. After 40 minutesin 9AA, there appears a small fraction (less
than 20 percent) wﬁzch did not incorporate any BUDR after dilution
from 9AA.

The previous two éxferinents can be performed with the modifi-
cation that in the post-9u period puromycin is present so that
the mature phage is coated only with the protein made prior to
transfer. Under these conditions the maturation of DNA made

 after dilution from 9AA into puromycin will be either limited or
entirely excluded if it is true that the DNA cannot condense
without concurrent protein synthesis (Kellenberger et al., 1959).
Figures 10 and 11 present the results of two such experiments.
One can see that except for the better enrichment of BUDR-con-
taining DNA the pattern obtained in Figure 10 is the same as in
Figure 8. When the infectiop proceeds in the presence of 9AA
only and the dilution from 9AA is made into puromycin plus BUDR
(Figure 11) one still obtains phages that are sensitive to visible
light. This sensitivity could only result fropn incorporation of |
BUDR in the ;u‘esence of puromycin. Thus, the DNA not only con-
tinues to replicate after dilution from 9AA but is wrapped in
coat protein that accumulated in the presence of 9AA, and the
Qhole maturation process comes to completion in the absence of
protein synthesis. Since the inactivation curves do not contain
a fraction as resistant as the unsubstituted control phage, one

has to conclude that the DNA made in the presence of 9AA becomes
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Figure 10. Visible Light Inactivation of Phage Grown in the
Presence of 9AA and BUDR and Matured in_the Presence of
Puromycin after Removal of Both Compounds.

The design of the experiment is the same as in Figure 8
except that, besides thymidine, puromycin was added at 200 ug per
ml. A culture containing 2.5 x 109 bacteria per ml was infected
with T4D at a multiplicity of 4. 9AA (0.8 ug per m1) and BUDR
(200 ug per ml) were present from the moment of infection. At
the times indicated, samples were diluted 100-fold into medium
containing thymidine and puromycin. Preparation of lysates and
controls and conditions of illumination are described in the

legend to Figure 3.
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Figure 11. Visible Light Inactivation of Phage Grown in the

Presence of 9AA and Matured in the Presence of Puromycin

and BUDR.

Same culture and adsorption conditions as in the legend to
Figure 10 except that BUDR was omitted from the adsorption tube.
The design of the experiment is the same as in Figure 9 except
that dilutions from 9AA were made into medium contain»ing, besides
BUDR, 200 ug per ml of puromycix}. Preparation of lysates,

controls and conditions of illumination as in legend to Figure 8.
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dispersed among the DNA made after dilution from 9AA into puro-
mycin. The only exception appears at the 40 minute exposure to
9AA, but even here the x;esistant fraction is not as resistant as
the control. The DNA made after dilution from 9AA into puromycin
is vegetative and continues to replicate in the absence of pro-
tein synthesis. The ability of this UNA to condense and enter
mature phage is in contrast to the observations of Kellenberger
et al. (1959) on the giant pool of DNA obtained in chlorampheni-

col.
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DISCUSSION

We have described experiments suggesting that in a cell in-
fected witn T4 in the presence of 9AA there is an accumulation of
all the protein necessary to make a complete phage. The DNA made
in the presence of 9AA seems to enter infective rhage particles
interspersed with the DNA made after removal of the dye. The
condensation of DNA into a compact head structure does not appear
to require protein synthesis. The last protein necessary for
phage maturation begins to appear not earlier than 4 to 5 minutes
before the beginning of maturation at 31°C., This protein is also
made in the presence of 9AA, which blocks maturation. Whether
this protein is a structural component of the phage we cannot
tell. Before the appearance of thi; protein, the cell has no
phage making capacity. |

In Uchida's experiments (1958b) éhloramphenicol entirely
prevented formation of maturs phage. ‘it is almost certain that
chloramphenicol lysed the celis, which were yet more fragile
because of the exposure to acriflavine. However, under our con-
ditions 5-methyltryptophan or puromycin do allow phage maturation.

‘Ouf experimepts with puromycin are simply an gxéension of
previous experiments with chloramphenicol (Kellenberger et al.,
1958, Hershey and Melechen, 1957) in which a giant pool of DNA

was formed and no DNA condensation occurred. The giant pool of

vegetative DNA could form because chloramphenicol was added late

enough (8 minutes at 37°C) to allow the DNA machinery to be de-

veloped. But the addition of chloramphenicol at this time is
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' early enough to prevent the accumulation of visible structural
elements of phage coat, and very much earlier than the appearance
of the last protein (which at 37°C would be expected'at 1l mi-
nutes). The differences between the chloramphenicol experiments
on the giant péol of DNA and our experiments with puromycin Tie
in the timing of the addition of the antibiotics.
1. The Maturation Process. From the data presented we can
draw the following comnclusions: |
(1) After the addition of puromycin the rate of maturation is
constant. The rate is characteristic of the time of puromycin
addition and appears to be equal to the rate of maturation in ‘the -
controlat'thiq particular time (cf. Figure 1). Puromycin limits
“the rate of maturation until the 26-th minute after ipfection,
vhén the maximum rate sets in. |
(2) Puromycin limits the amount of precursor available for ma-
turation since inhibition of phage protein synthesis by puromycin
is practically instantaneous.
(3) The number of mature phage appearing after the addition of
puroimycin reaches a maximum at the time maturation begins (23 mi- -
nutes-after infection at 31°C).
(4) The rate of maturation doesnot depend on the availability of
precursor. This is demonstrated by replotting the data of Figuré
1 as ‘_s,hown in Figure 12. It can b_é. seen that the rate of matu-
ration in puromycin remains constant until the final yield of
phage has been attained. Furthermore, the maximum level of com-

plete sets of maturable protein is reached at 23 minutes,
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Figure 12. Kinetics of Phage Maturation in the Presence of

Purom_xcin.

The data of I‘:igure 1l are here replotted. The amount of
rhage per cell present at the moment of puro_mycin addition was
subtracted so that each curve represents the accumulation of

infective phage particles in the absence of protein synthesis.
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vheréas the maturation rate continues to increase until 26 mi-
nutes after infection (cf. Figure 5).

On the basis of these conclusions, one could speculate that
the last protein serves a function in maturation that dictates
the speed at which phages can be assembled. |

The phage precursor material that can mature in the absence
of protein synthesis reaches its maximum level at the moment
when maturationis about to begin. At about 28 minutes the level
of complete sets of maturable protein begins to drop ;‘.’;;m its ma-~-
ximum but the rate of appearance of intracellular infective phage
remains constant till the 50-th minute. It is pbssible that the
decline in the number of complete sets of méturable protein is
only a result of early lysis of some cells since the decline va-
riesin different experiments. After transfer into puromycin one
has to wait some 6 to 8 minutes before maturation stops, and with
late transfers there may be a race between maturation and growing
weakness of the cell wall.

The maximum level of complete sets of maturable precursor
gives us a minimum estimate of the size of the pool of maturable
phage proteins. Since the replication and condensation of DNA
and the subsequent assembly of the pr\otein coat do not depend on
concurrent protein synthesis, the factor that limits the number
of complete sets of coat protein present in the precursor pool
is the least abundant of the phage structural components.

Koch and Hershey (1959) estimated from isotopic studies on

the kinetics of phage precursor protein of T2 that the amount of
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head protein during the steady state is 28 phage equivalents.

In puromycin complete phage particles are made of the struc-
tural proteins available at the moment of puromycin addition and
of DNA that continues to replicate and to be packed into this
protein presumably until the supply of the protein coats is ex-
hausted. Since our mediumis abundantly supplied with amino acids
and the burst size is as high as in broth, we would expect the
podl of phage precursor to be 'igger than 28 as measured in the

- minimal medium by Koch and Hershey. Our figure, then, is 44
complete sets of phage protein during the steady state. Any pro-
tein component except the one that is limiting can, of course,
be present in greater amount. |

The limiting component, or components, must be depleted
from the pool at the time the titer of mature phage made in the
presence of puromycin reaches its final level. We do not know
which component is the limiting one. We do know, however, that
the number of phage equivalents of serum blocking antigenms
exaéély corresponds to the number of complete éets of phage
coats that one measures in puromycin. This evidence is provided
by the experiment on the synthesis of serum blocking proteins
(Figure 4). The curve representing the rise of SBP cannot be
distinguished from a curve representing the accumulation of com-
plete sets of phage protein in contemporaneous experiments.
(Here we have to remark that for some reason in more recent ex-
periments the maturation of phage always begins at 21 minutes

after infection and the accumulation of precursor protein as
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measured in puromycin starts always at 16 minutes. In earlier
experiments, themejority described in this paper, the respective
times were always 23 and 18 minutes). Thus the assembly of infec-
tive phage after the addition of puromycin depletes ii.» pool of
free tail fibers (which are responsible for SEP).

This result implies a great efficiency of the maturation
system. The rateof maturation is constant until all phages that
can be made from the material available after puromycin additioﬁ
are made. The limiting components must be available at the site
of maturation or must be brought there in an ordered fashion at
the same pace as the pace of phage assembly.

The pool of phage precursor can be easily augmented. Seve-
ral experiments were carried out exactly as described in this pa-
per except that the host bacteria were grown at 37°C instead of
31°C. The infection and phage growth were carried out at 31°cC.
With such bacteria the number of cohplete sets of phage proteins
that one obtains after transfer into puromycin is 60 to 65. The
beginning of maturation ami the rate of phage formation are thg
same as in experiments with bacteria not pregrown at 37°C. It
appears, then, that bacteria pregrown at 37°C are capable of
maintaining a bigger pool of the maturable phage precursor.

2. Synthesis of Phage Material in the Presence of 9AA. The

experiments with incorporation of BUDR into DNA in the presence
of 9AA showed that precursor DNA is synthesized in the presence

of 9AA. Experiments with acriflavine (Uchida, 1958a) and with pro-
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flavine (De Mars, 1955) show a normal amount of DNA synthesis in
the presence of those dyes. Manson (1954) reported inhibition of
phage DNA synthesis by proflavine in medium with low phosphate
conient. In our experimentstheconcentrétion of 9AA was so cho-
sen as to allow for no more than Q.Ol phage per cell to be made
in the presence of the dye by 40 minutes after infection. Higher
concentrations of 9AA depress the appearance of intracellular
phage still more. In similar fashion the accumulation of matu-
rable precursor in the presence of 9AA is more depressed the higher
the concentration of 9AA. How 9AA limits the yield of complete
sets of maturable protein we do not know except that DNA synthe-
sis is also affected by higher concentration of 9AA (Susman et
al., 1965). This will only partly account for the reduction in
the number of phage eqﬁivalents of maturable precursor since we
have to take into account possible damage by acridine to conden-
sing phage as seen in the electron microscope. The decline of
viable phage synthesis as well as the decline of the synthesis
of maturable precursor (or more precisely - conversion o€ the
precursor material into viable phage) after prolonged treatments
with 9AA can be interpreted to mean that there is an .a'ccumula-
tion of nonviable phage material. Kellenberger et al. (1959)
observed in thin sections of T2-infected cells treated with pro-
flavine a great number of "badly filled" (with-DiiA) phages. These
authors also cited the observations of Brenner and Horne that ab-
normal phe;geé made in the presence of proflavine are unstable and

their DNA lesks out slowly. Condensation of T4D in the presence
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of 9AA has been observéd in thin sections by E. Kellenberger and
M. Susman (unpublished).

The VL-inactivation curves of the phage lysates prepared
after exposure to 9AA and BUDR strongly indicate that the viable
DNA made in the presence of 9AA is vegetative. The fairly uni-
form light sensitivity of these phages suggests that the precursor
DNA made in the presence of 9A: occupies the same recombining
pool as the DNA made after the removal of the acridine. After
prolonged 9AA treatments (e.g. 40 minutes) there appears a
fraction that reaches a stage beyond further incorporation of
nucleosides after the removal of JAA. We do not know whether
.this fraction represents a.DNA that condensed in the presence of
9AA or that simply failed to replicate and recombine after the
removal of the Aye. Any fraction of nonviable condensates accu-
mulated in the presence of 9AA-is not subject to detection in
this type of experiment.

We have reasons, therefore, to believe that the viable phage
made in the presence of SMT or puromycin after dilution from 9AA
represents only part of the phage precursor accumulated in the
presence of the dye. The lower the concentration of the dye used
the closer we come to the total amount of maturable phage pre-—
cursor. The high value of 50 phage equivalents of maturable pre-
cursor per cell at 1.0 ug per ml of 9AA obtained after transfer
into 5MT comes near the value of 68 in the control. It should
be kept in mind that the values in 5MT are exaggerated (cf. Fi-

gure 3).
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It is important to note that whatever the effect of acridine
on DNA synthesis, phage condensation and phage synthesizing capa-
city, the last protein necessary to make a mature phage begins to
appear at the same time in acridine as in the control. The ef-
fect, then, that 9AA exertson thé assembly of the phage material
into infective unit and on theA timing of maturation is indepen-
dent of the synthesis of phﬁge proteins or DNA. The inhibitory
mechanism remains to be elucidated. The recent report on the de-
grading effect of proflﬁvine on messenger and ribosomal RNA in
E. coli (Soffer and Gros, 1964) suggests a possible explanation
for the reduced yield of phage after prolonged acridine treat-
ment. However, the concentrations of proflavine used in Sof- )
fer's experiments surpass several hundred-fold the concentration
necessary to suppress maturation of T4 (Couse, Piechowski and

Susman, unpublished).
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SUMMA RY

Maturation of phage T can proceed in the presence of 5-
methyltryPtophan o puromydm Puromycin inhibits phage protein
synthesis Within 5 fey secolds.  pyromycin thus limits the amount
of phage Precursor paterial avai jgpls for maturation.

Maturable phgge proteif appesrs about 5 minutes before ma-
turation Peging. Tpe level Of the maturable material reaches
a maximum at the beginning of matyration. This level is taken
as & MeABUre of the gize of the pool of complete sets of matu-
rable phage proteip.

Once the poo) of maturable pPhage precursor reaches the steady
state, the arrest of proteil symthesis does not prevent the de- T
pletion of the pooj (for at leamt one component - tail fibers).
Nor does Phage formgtion 51°W doOwn as the pool is runniné low.

However, the paximum f8te ©f phage formation is attained
several minutes 1ater thanthe es taplishment of the steady state
condition. This gyggests that there might exist a protein
whose function ig ¢, gictate the pace of phage assembly.

9-amino acriqine (9AA) inhi bits maturation. Upon diluting
infected bacterig from the dYe 1 nto a medium containing an in-
hibitor of protein synthesi8, one ohtains a crop of maturé phage
made out 0f the material 8¢°Umul gted before the removal of QAA.

DNA 18 synthesized in the presence of 9AA and continues to
replicate after the removal ©f D45 and addition of puromycin.

By marking the DNA yjth 5-bromode oxyuridine (BUDR) and studying

the light sensitivity of the pha ge produced by cells exposed
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to 9AA, BUDR and puromycin in various programs, one can show
that the DNA made in the presence of 9AA is incorporated later
into viable phage. This early DNA is dispersed through the DNA
synthesized after the removal of the dye.

. The DNA can in the presence of puromycin pass from the
vegetative into the condensed state and subsequently be coated
with the protein material synthesized in the presence of the

dye.
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