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FIG. 3. Continued

p

infected with PRD1 were pulse-labeled with
[35S]methionine, several aspects of the infection
became apparent. The first was that the major
portion of the label destined to be incorporated
into phage appeared first in the lysate superna-
tant and did not sediment under our conditions
(Fig. 5). This label then went into the more
slowly moving peak containing empty particles
and ultimately into the faster-moving virus peak

(Fig. 5). Both the more slowly moving peak and
the faster-moving peak contained lipid, as mea-
sured by [3H]glycerol incorporation, but only
the faster peak contained DNA, as measured by
visualizing the DNA bands on gels with ethidium
bromide (data not shown).
The major capsid protein, P3, appeared first in

the soluble, slowly sedimenting fraction and
then entered the empty-particle fraction (Fig. 4

VOL. 44, 1982

 on O
ctober 25, 2020 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 



1026 MINDICH ET AL.

. ^
,, ..

{ e ss . t+9[ R w Co w 11;_ :, f
¢ b ,, .> sJ , . 4 ' . < _. kb ,., * * r

'

4,-~~~~~~~~~~~~~~~~~~~'

. AI* 1t

FIG. 3. Continued

and 6). The amount of radioactivity in the emp-

ty-particle fraction decreased with time after the
initial increase, indicating a precursor role for
this fraction.
The formation of particles took place in the

presence of chloramphenicol after a 2-min pulse.
The amount of radioactivity transferred to emp-

ty and filled particles in the presence of chloram-
phenicol was about 82% of the amount found in
the absence of the drug. The ratios of filled
particles to empty particles were also similar
with and without chloramphenicol (Fig. 7).
Multimers of PRD1 proteins. We noticed that

cell lysates or purified viruses gave rise to
additional bands in acrylamide gels if the prepa-

rations were not heated to more than 700C.
Figure 4 shows that the bands for P2, P3, and P5
were light after low-temperature heating and
that three new bands appeared (bands 2m, 3m,

and Sm, respectively). Two-dimensional electro-
phoresis involving virions heated to 70°C for the
first dimension and then heating a strip of gel to
100°C before the second dimension produced
the pattern shown in Fig. 8. It is apparent that P3
and P5 yielded bands that appeared to be mul-
timers. The apparent molecular weight of the P3
multimer was 80,000, which was close to the
molecular weight of a dimer, but we are not sure
that the multimer was in fact a dimer. The PS
band was consistent with a pentamer or a hex-
amer. Band 2m migrated faster than the P2 band
found after boiling, indicating that it was proba-
bly not a multimer but an isomorph.

Figure 4 shows that radioactive proteins P3
and P5 at the top of the gradient immediately
after the pulse (Fig. 4, lanes t and t') were

primarily in the multimeric form. It appeared
that the multimer of P3 was the precursor of the
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FIG. 4. Autoradiogram of gel containing samples from sucrose gradients, as described in the legend to Fig. 5.
Fraction b (lane b) was the material at the bottom of the gradient and contained the cell membrane fraction.
Fraction f (lane f) was mature virus, fraction e (lane e) was empty particles, fraction p (lane p) was the material in
the region above the empty particles, and fraction t (lane t) was the material at the top of the gradients. The times
after addition of the 2-min pulse of radioactive methionine to the infected cells are shown at the bottom.
Fractions f', e', and t' (lanes f', e', and t', respectively) were heated to 70°C so that multimers would be
observed. Other samples were boiled. Multimer bands are designated 3m and Sm. The isomorph of P2 is
designated 2m. Lane s contained a whole lysate of UV-irradiated MS1550 (pLM2) infected with PRD1 and
labeled with [35S]methionine.

virion capsid. In an accompanying paper (2), we
show that the virus can be dissociated to yield
distinct capsomeres that may correspond to the
P3 multimers.

DISCUSSION
The pathway for the formation of PRD1 in-

volves the formation of an empty lipid-contain-
ing particle with no apparent free precursor
particles except the capsid proteins which are
found as a soluble multimer. Although other
virion proteins are present in the slowly sedi-
menting fractions, these proteins are mostly
associated with membrane material before they
appear in phage particles.
Nonsense mutants of PRDI are able to direct

the formation of particles that are missing indi-
vidual proteins. In no case does absence of a

particular protein from the particle result in the
lack of incorporation of another. It appears that
none of the virion proteins for which we have
isolated mutants are necessary for particle for-

mation, with the exception of the major capsid
protein P3. The only proteins so far necessary
for assembly are proteins Pl and P8 (which are
necessary for the turning on of middle and late
protein synthesis, as well as DNA synthesis), P3
(the major capsid protein), P10 (a membrane-
bound protein not found in virions) and P17 (a
soluble nonstructural protein). Lack of any of
these proteins results in the absence of any
recognizable particles either in sucrose gradients
or in electron micrographs of cell sections. Lack
of protein P11 results in a diminution of the
number of particles, but those that are formed
include both filled and empty virions that are
missing P11. We have not yet isolated mutants
defective in the synthesis of virions proteins P4,
P5, P13, P21, P23, and P25. It is possible that
some of these proteins play a more essential role
in particle formation than the proteins already
studied.

Protein P2 has been shown to be involved in
attachment to host cells. All other virus particles
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FIG. 5. Zonal sedimentation in sucrose gradients
of pulse-labeled infected cell lysates. PAO1(pLM2)
was infected with PRD1, and [35S]methionine was
added at 28 min postinfection. Unlabeled methionine
was added at 30 min, and samples were removed and
lysed at 30 min (a) 32 min (b), 34 min (c), 37 min (d),
and 40 min (e), postinfection. Sedimention was from
right to left. The peak at fraction 8 corresponds to
mature virions, whereas the peak at fraction 11 corre-
sponds to particles without DNA.

of wild-type phage or mutants grown on non-
suppressor cells are able to adsorb.
Three virus-encoded proteins appear to be

involved in DNA packaging. Mutants of class
IX, which lack P9, a virion protein, form empty
particles (Fig. 1 and 3c). Mutants of classes XX
and XXII, which are missing virion proteins P20
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FIG. 6. Movement of radioactive protein P3 from

the soluble fraction through empty particles to mature
virions. The amount of P3 was determined by analyz-
ing band densities in gels such as the one shown in Fig.
4. Infected cells were pulsed with radioactive methio-
nine as described in the legend to in Fig. 5. Symbols:
A, soluble P3; *, P3 in empty particles; 0, P3 in filled
particles.
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FIG. 7. Sucrose gradients of lysates of infected
cells labeled with [35S]methionine. At 28 min postin-
fection, [35S]methionine was added; 2 min later unla-
beled methionine was added, and a sample was har-
vested (a). Samples were also harvested after an
additional 5 min of incubation (b and c). (c) Sample
incubated in the presence of 150 ,ug of chlorampheni-
col per ml during the chase period.

and P22, form particles that appear to be partial-
ly full in electron micrographs (Fig. 3k and m)
but empty in gradients (Fig. 1), indicating an
unstable packaging in these mutants. Protein P9
is missing in the empty particles (Fig. 2, lanes a,
c, and i). Evidence from our laboratory indicates
that the DNA of PRD1 has protein at both ends
(unpublished data).
The pathway for the assembly of PRD1 ap-

pears to be unique in that a particle containing a
membrane-like structure is formed and then
filled with DNA. The filling is somewhat analo-
gous to the filling found for large DNA phages
(7). However, the host attachment apparatus
appears to be placed on the particle before DNA
is packaged. It is not clear what the attachment
apparatus is, but protein P2 is a necessary
component. The presence of P2 is not dependent
upon the presence of any other protein that
allows particle formation. There is no indication
of a scaffolding protein (7), nor is there any
indication that empty particles found in gradi-
ents are derivatives of filled particles, since the
particles formed by class IX mutants appear to
be empty in both gradients and electron micro-
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FIG. 8. Two-dimensional polyacrylamide gel of [35S]methionine-labeled infected cells. The first dimension
(horizontal) was run in 10% polyacrylamide, and the sample was heated to 70°C. A strip was cut out of this gel,
heated to 100°C for 5 min, and run on a 15% gel (vertical migration). Designation of proteins was as described in
the legend to Fig. 4.

graphs and have the same composition as empty
particles formed by wild-type infections.
A model for the formation of precursor vesi-

cles has been proposed by Brewer (5) for lipid-
containing phage PM2. We have not found any
vesicles produced in mutants that do not form
the capsid protein. We suggest that the pathway
for the formation of empty particles involves the
insertion of the virion membrane proteins into
the host membrane and the subsequent excision
of this virus-specific membrane patch from the
host membrane through the mediation of the
capsid protein and accessory morphogenetic
proteins (perhaps P10 and P17). We suggest that
capsid protein P3 has an affinity for viral mem-
brane proteins as well as for itself. Since P3 is a
space-enclosing protein, it tends to form a
curved surface, and this leads to an invagination
of the patch and ultimate budding into the cyto-
plasm of the cell. The process may be analogous
to the process postulated for the role of clathrin
in endocytosis (13).
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