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There are six classes of SPO1 transcripts which are, at least partially, regulated
independently of each other. Analysis of proteins made in infections by phage
mutants defective in DNA synthesis, or in genes which positively control
transcription, permitted each protein to be assigned to one transcription class.
Most of the late proteins belong to transcription class m,l. There seem to be few, if
any, phage proteins in the / class whose mRNA synthesis depends absolutely on
phage DNA synthesis. UV irradiation of host cells allowed the detection of many
additional early proteins. The early proteins detected in vivo were compared with
proteins synthesized in vitro, using bacterial or gp28 phage-modified RNA
polymerase in an Escherichia coli cell-free system. Proteins characterized in vivo
as belonging to the e transcription class could be made efficiently in vitro only
when transcription was performed by bacterial RNA polymerase. em proteins
could be elicited through the use of either bacterial or gp28 polymerase, indicating

that their genes can be transcribed in either the early or the middle mode.

Upon infection of Bacillus subtilis, bacterio-
phage SPO1 initiates a complex program of
transcription involving six distinct classes of
RNA transcripts (9). Three transcriptional con-
trol genes have been identified (8) whose prod-
ucts regulate the sequential expression of these
transcripts. These genes encode polypeptides
which bind tightly to the RNA polymerase and
change its recognition specificity (5, 22, 26).
Table 1 summarizes the time of appearance and
genetic control over these classes of transcripts.

Several studies have used DNA-dependent,
transcription-translation-coupled, cell-free sys-
tems to demonstrate the altered transcription
specificity of phage-modified RNA polymerases
derived from cells infected by SPO1 or its close
relative SP82 (13, 25). In such an assay one can
take advantage of the high resolving power of
polyacrylamide gels for polypeptides to individ-
ually measure the ability of a purified RNA
polymerase to transcribe a large number of
phage genes in a single reaction. The utility of
this approach has been limited, however, by the
lack of the ability to identify the proteins made
in these in vitro reactions with the authentic
SPO1 polypeptides made during infection. In
addition, transcriptional control of the temporal
order of appearance of SPO1 proteins has never
been adequately described.

One of the difficulties in assigning SPO1 pro-
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teins to the known transcription classes has been
the difficulty in identifying the SPO1-specific
proteins during the first few minutes of infec-
tion. The first transcription switch event in
SPOL1 infection occurs at 4 min at 37°C. Yet the
shutoff of host protein synthesis in such infec-
tions is sufficiently gradual that at this critical
time most of the SPO1 proteins displayed on an
acrylamide gel are surely masked by the residual
synthesis of host cell proteins (14). An attempt
to deal with this problem through the study of
infections of non-nucleated minicells (19) suf-
fered from the fact that the temporal appearance
of SPO1 proteins in these cells is not the same as
in intact cells in all instances.

In this report, we have assigned individual
SPO1 polypeptides to a given transcription class
on the basis of their programs of synthesis in
UV-irradiated and unirradiated cells infected
with either wild-type SPO1 or the known tran-
scriptional regulatory mutants. In addition, we
have been able to correlate the proteins synthe-
sized from SPO1 DNA in an Escherichia coli-
coupled transcription-translation system (11,
21), using either bacterial or SPO1-modified
RNA polymerase, with those polypeptides syn-
thesized in vivo.

MATERIALS AND METHODS

Bacteria and phage. B. subtilis 168 (trp~ Su~) was
used for in vivo studies. RNA polymerase was pre-
pared from B. subtilis 1005 (Rif"). E. coli 514 (F~ Alac
trp tsx Str*) was used in the preparation of the coupled
transcription-translation system (11).
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TABLE 1. Transcription classes of SPO1¢

Time after infection

(min) SPO1 functions
Class - necessary for
First Synthesis synthesis
detected stops
e 1 4
em 1 12
m 4 12 gp28
m,l 4 gp28
myl 8-10 gp28, 33, 34
i 13 gp28, 33, 34 and

DNA synthesis

¢ Data from references 8 and 9.

Wild-type and mutant SPO1 were grown and puri-
fied by cesium chloride centrifugation as previously
described (21). Mutant phage were provided by E. P.
Geiduschek and S. Okubo.

Preparation of SPO1 DNA. Wild-type SPO1 were
diluted to an optical density at 260 nm of 30 in 0.1 M
Tris-hydrochloride (pH 7.5)-5 x 107> M MgCl,-0.1 M
NaCl. The phage were extracted twice with an equal
volume of phenol saturated with 0.1 M Tris-hydrochlo-
ride, pH. 7.5, and the aqueous phase was dialyzed at
4°C overnight into 0.1 M Tris-hydrochloride (pH. 7.9)-
0.5 M NaCl-0.1 mM EDTA.

Preparation of SPO1-infected extracts. B. subtilis 168
was grown at 37°C to 2 X 10® cells per ml in M9
medium plus 2 X 10* M MnCl, and 20 pg of trypto-
phan per ml (21). The cells were infected with wild-
type or mutant SPO1 at a multiplicity of about 5, and
aliquots were pulse-labeled at the times indicated,
using '*C-amino acids (Schwarz/Mann). Unirradiated
cells were labeled with 0.25 pCi/ml, and irradiated
cells were labeled with 2.0 nCi/ml. The pulse was
terminated by pouring the samples over ice, and the
cells were concentrated by centrifugation and lysed by
addition of 20 wl of resuspension buffer (10 mM Tris-
hydrochloride, pH 7.5, 10 mM MgSO,, 200 pg of
chloramphenicol per ml, 100 pg of egg white lysozyme
per ml, 5 pg of RNase per ml, 5 pg of DNase per ml)
per ml of original volume, incubated at 37°C for 2 min,
and prepared immediately for gel electrophoresis.

Irradiation of bacteria. All irradiations were per-
formed with a George K. Gates MR-4 UV lamp placed
19 cm above the dish. At this height the incident
radiation is 40 ergs/mm? per s.

Preparation of infected extracts from irradiated cells
was essentially as described above, expect that when
the cells reached 2 x 108 celis per ml a 10-ml aliquot
was withdrawn, placed in a 9-cm-diameter petri dish,
and irradiated for 2 min with constant agitation (except
for Fig. 2, where other times of irradiation were used).
The cells were then returned to 37°C for 10 min. At this
time they were infected and pulse-labeled as described
above.

Preparation of RNA polymerase. RNA polymerase
was prepared essentially according to Burgess and
Jendrisak (2) as previously described (22). A Sepha-
cryl S-200 column (3 by 30 cm) was included between
the Polymin P (BASF Wyandotte Corp.) precipitation
and DNA-cellulose chromatography as a sizing and
desalting step.

In vitro coupled transcription-translation. The E.
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coli-coupled system was prepared and incubations
were performed as previously described (22). RNA
synthesis was made dependent on added exogenous
Rif" RNA polymerase by including rifampin in the
reaction mixture. To obtain radioactive proteins, a
14C.labeled amino acid mixture (8.0 wCi; Schwarz/
Mann, no. 3122-09) was included in the reaction.

Gel electrophoresis. Sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis of proteins was
done according to Blattler et al. (1). Samples were
prepared by addition of an equal volume of 0.08 M
Tris-hydrochloride (pH 6.8)-0.1 M dithiothreitol-2.0%
SDS-10% glycerol and heating for 3 min at 100°C.

RESULTS

Protein synthesis in SPO1-infected B. subtilis.
Host protein synthesis is not efficiently shut off
immediately after SPO1 infection of B. subtilis
(14). It is difficult, therefore, to detect synthesis
of phage-specific proteins at very early times
after the onset of infection. To study SPO1-
specific protein synthesis at these early times,
we have used UV light to eliminate host RNA
and protein syntheses. However, it is necessary
to examine the proteins synthesized in unirradi-
ated and UV-irradiated infected cells to estab-
lish the entire temporal sequence of expression
of the SPO1 gene products.

Figure 1 shows the proteins synthesized in 2-
min intervals during infection of unirradiated B.
subtilis with wild-type SPO1 or DNA synthesis
(D0) mutants in cistrons 23a (susF20) and 31
(susF39) (15). A sample from uninfected cells is
not included because no new proteins appear
during the initial 0- to 2-minute pulse-labeling
interval. There are several important features of
SPO1 gene expression which are evident from
this figure. Host protein synthesis is gradually
shut off during the first 6 to 8 min of infection.
Two prominent host bands (hl and h2) are
indicated, and trace amounts of these proteins
continue to be synthesized during the 6- to 8-min
pulse interval. Before 6 min, there are so many
host proteins being synthesized that only a few
phage-specific proteins can be detected. Howev-
er, it is apparent that the SPO1 proteins are
synthesized according to a temporal sequence
which correlates closely with the transcription
classes described by Gage and Geiduschek (9).
Representative proteins whose temporal expres-
sion corresponds to these classes are indicated
in Fig. 1, using a numbering system presented in
Table 2.

SPO1 protein €3 is easily detected during the
2- to 4-min pulse interval, and its synthesis is
shut off before the 6- to 8-minute pulse. Other
SPO1 proteins can also be detected very early
after infection (e5S and el4, which comigrates
with a host band) and continue to be synthesized
until at least 14 min, but are not synthesized
very late during infection (24 to 26 min). These
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TABLE 2. Proteins synthesized during SPO1 infection®

Proteins In vitro synthesis
Mol wt Mol wt B.
Name (x 10% Name (x 10%) subtilis gp28
Early
e em
el 63.2 - -
e2 519 - -
e3 44.0 + -
e4 42.0 (@) +
es 345 + +
€6 30.5 + @]
e7 29.5 + -
e8 (gp28) 26.0 + +
e9 24.5 + -
el0 23.5 + +
ell 21.8 + +
el2 19.6 + +
el3 19.0 + -
el4d 17.5 + +
els 16.3 + -
el6 14.9 + +
el7 12.7 + =
el8 12.2 + =
el9 11.2 + =
e20 10.8 + ()]
e2l 10.0 + ”
Middle
m m,[
ml 80.0 - -
m2 7.5 - -
m3 54.3 - +
m4 42.0 - (@)
mS 41.0 - -
m6 39.5 ) +
m7 37.5 - +
m8 17.5 - +
m9 12.5 ? +
Late
n >100
R >100
3 61.0
4 57.0
15 55.5
6 46.0
l6a 44.5
n 37.0
18 34.0
[»'] 33.0
no 25.5
ni 25.0
n2 243
n3 22.1
n4 18.0
ns 15.2
ne 13.2

“ The molecular weight estimates were obtained by comparing the electrophoretic migration of SPO1-specific
proteins with standards of known molecular weight: B. subtilis RNA polymerase, chymotrypsinogen, cyto-
chrome c, bovine serum albumin.
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FIG. 1. Time course of proteins synthesized during SPO1 infection. Two-minute pulses with '*C-labeled
amino acids starting at the times after infection indicated under each sample were subjected to gel electrophore-
sis and autoradiography. (+) represents extracts prepared from wild-type infection; (—) represents extracts from
mutant infections. (A) susF20, cistron 23a; (B) susF39, cistron 31. Representative proteins are labeled as
described in the text. Dots indicate times of onset and cessation of synthesis.
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two temporally distinct classes of SPO1 early
proteins represent the e and em transcription
classes, respectively.

Other SPO1 proteins do not appear until about
6 min. Some of these (e.g., ml) are shut off
before 24 min and fit the m transcription class.
Others (e.g., m2) correspond to the m,l tran-
scription class because they continue to be syn-
thesized very late during infection (24 to 26 min).

There is another group of SPO1 proteins
which begin to be synthesized at about 10 min
after infection and are synthesized at maximal
rates late in infection (e.g., 6 and [9). Since
these proteins are produced in undiminished
amounts in the DO mutants susF20 (Fig. 1A) and
susF39 (Fig. 1B), they behave like m,! transcrip-
tion products rather than /. There is a small
group of very late-appearing proteins whose
synthesis is variably reduced in the DO mutants
(e.g., I8) and which may correspond to the /
transcription class.

Figure 1 includes a comparison between the
two mutants and the wild-type to demonstrate
the reproducibility of the technique. In the case
of susF39 (Fig. 1B), it is possible to identify the
product of cistron 31 by locating the missing
band (m1). In all cases in which the time of
synthesis of a protein is used to determine its
transcription class, these determinations have
been confirmed and extended by analysis of the
proteins synthesized during infections with the
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known transcription control mutants (see Fig.
4).

Protein synthesis in SPO1-infected UV-irradiat-
ed B. subtilis. Although it is possible to detect
individual SPO1 early proteins in Fig. 1, it is
apparent that many of the SPO1 early proteins
must be masked by host protein synthesis. To
identify these hidden SPO1 early proteins, we
have used UV light to destroy host RNA and
protein syntheses.

Figure 2 shows the effect of UV irradiation on
host protein synthesis. Cells were irradiated for
the times indicated and then returned to 37°C
and incubated for 10 min to allow any preexist-
ing mRNA to decay. They were then infected or
mock infected with SPO1 and pulse-labeled from
2 to 5 min after infection. It is clear from Fig. 2
that, as the UV dose is gradually increased, host
protein synthesis is reduced to a barely detect-
able minimum, whereas SPO1 RNA and protein
syntheses are less dramatically affected. Almost
all of the major SPO1 proteins can still be
detected after high UV doses; however, synthe-
sis of one early protein, €16, is extremely sensi-
tive to host irradiation (M. Perkus, personal
communication). On the basis of these data, we
have chosen 2 min as the irradiation period for
detection of the SPO1 early proteins.

Initial experiments conducted to determine
the effect of UV irradiation on the temporal
sequence of SPO1 gene expression indicated

FIG. 2. Effect of UV irradiation on host and phage protein synthesis in SPO1-infected B. subtilis. Cells were
irradiated for the times indicated in seconds, mock infected (U) or infected with SPO1 (I), and pulse-labeled 2 to 5
min after infection, using '*C-amino acids. Extracts were separated by gel electrophoresis, and radioactivity was

detected by autoradiography.
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that the course of infection in irradiated cells
might be somewhat elongated. For this reason,
we have examined proteins synthesized during
successive 4-min intervals from 0 to 32 min of
infection. Pulses done after this time reveal only
quantitative differences in the rate of synthesis
of a few proteins.

Figure 3 shows a pulse series comparing
susF39 and wild-type SPO1 infections of irradi-
ated cells. The proteins chosen to represent the
transcription classes in Fig. 1 are again indicated
in this experiment. The most obvious point to be
made from this experiment is that UV irradiation
of host cells before infection results in the ability
to detect many SPO1 proteins, during the 0- to 4-
min pulse interval, which were not apparent in
the corresponding samples from unirradiated
cells. In addition, the time of first synthesis of
these proteins corresponds quite well with the
onset of their synthesis in unirradiated cells.
This is easily seen if one examines the proteins
chosen to represent each of the transcription
classes (Fig. 1 and 3). Even m,l proteins are
synthesized with a delay of only a few minutes,
beginning at about 10 min in unirradiated cells
and at about 12 or 16 min in irradiated cells.
However, the category of proteins whose syn-
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thesis seems to be coupled to DNA synthesis
(e.g., I8 and /14) are never synthesized at a high
rate in UV-irradiated cells. Infection of irradiat-
ed cells does not result in SPO1 DNA accumula-
tion or phage production (Perkus, personal com-
munication).

On the other hand, the shutoff of the synthesis
of the various classes of SPO1 proteins is not
maintained in UV-irradiated cells. Those early
proteins which are normally turned off at about 4
to 6 min after infection (e.g., €3) continue to be
synthesized at a reduced rate until about 20 min
after infection of UV-irradiated cells. Proteins
belonging to the em (e5) or m (m1) transcription
classes are synthesized at reduced rates late in
infection in irradiated cells, but their synthesis is
never terminated. The reason for this faulty
regulation is not known, although it is significant
that the regulation of initiation appears to be
uncoupled from the mechanism of shutoff. It has
recently been reported (20) that, when DNA
synthesis in SPO1-infected cells is inhibited by
novobiocin, a DNA gyrase inhibitor, repression
of early transcription does not occur.

The “‘missing band”’ identifying the susF39
mutation is also readily apparent in this gel, as
well as the ‘‘nonsense fragment’’ of this gene

28

FIG. 3. Time course of SPO1 protein synthesis in UV-irradiated B. subtilis. Cells were irradiated and infected
by mutant susF39 (—) or wild-type (+) SPO1. Aliquots were removed and pulse-labeled with *C-amino acids for
4 min, starting at the times after infection indicated under each sample. Uninfected irradiated cells (U) were also
labeled with *C-amino acids for 4 min. Extracts were separated by gel electrophoresis, and radioactivity in
proteins was detected by autoradiography.
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product (m1*). The information obtained from
studies on the temporal expression of individual
SPO1 proteins can be supplemented with infor-
mation obtained from analysis of proteins syn-
thesized by phage which are mutant in the
pleiotropically acting genes 28, 33, and 34 to
define the SPO1 early, middle, and late gene
products. In addition, proteins specified in vitro
from the SPO1 genome, using bacterial or SPO1-
modified RNA polymerase, can be compared
with these proteins to assess the specificity and
fidelity of SPO1 gene expression in vitro. To
make these correlations, cells infected under
various conditions were pulse-labeled at appro-
priate times, and in vitro reactions were done
with SPO1 DNA and bacterial or gp28-modified
RNA polymerase. The resulting in vivo and in
vitro samples were prepared as described here,
except that they were dialyzed at 4°C for 24 h
against a common buffer. The samples were then
run on a 17.5% polyacrylamide-SDS gel and
autoradiographed (Fig. 4).

Protein synthesis in transcriptional control mu-
tants. Fujita et al. (8) have examined RNA
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synthesis in cells infected with the transcription
control mutants and report that mutants in gene
28 (e.g., susF21) synthesize only e and em RNA
and that mutants in gene 33 or 34 (e.g., susF14
and susF4) can synthesize e, em, m, and m;l
RNA. Therefore, we have analyzed proteins
synthesized during infection with these mutants
and wild-type SPO1 (Fig. 4) and defined each
protein as a member of a particular transcription
class according to the following criteria.

(i) Early proteins. Early proteins are proteins
synthesized during a 0- to 10-min pulse in UV-
irradiated cells infected with susF21 (lane C or
M).

(a) e. e proteins are early proteins which are
synthesized at a greatly reduced rate in a 10- to
14-min pulse of susFl4-infected unirradiated
cells (lane F).

(b) em. em proteins are early proteins synthe-
sized at the same or a higher rate in a 10- to 14-
min pulse of susF14-infected unirradiated cells
(lane F).

(ii) Middle proteins. Middle proteins are those
synthesized in a 10- to 14-min pulse of susF14-
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FIG. 4. Comparison of proteins in vivo during SPO1 infection and in vitro, using SPO1 DNA. The proteins
were separated electrophoretically (17.5% acrylamide gel) and detected by autoradiography. The phage used for
infection in vivo, the labeling interval, and the state of the host cells were: (A) uninfected, 4 min, unirradiated; (B
and L) uninfected, 10 min, irradiated; (C and M) susF21, 0 to 10 min, irradiated; (D) susF14, 0 to 10 min,
irradiated; (E) susF14, 10 to 30 min, irradiated; (F) susF14, 10 to 14 min, unirradiated; (G) wild type, 14 to 20 min,
unirradiated; (H) wild type, 20 to 24 min, unirradiated. The RNA polymerase used for in vitro reactions were: (I)
B. subtilis RNA polymerase; (J) E. coli RNA polymerase (endogenous in cell-free system); (K) gp28-modified B.
subtilis RNA polymerase (prepared from susF14 infection).
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infected cells (lane F) which cannot be synthe-
sized in a 0- to 10- min pulse of UV-irradiated
cells infected with susF21 (lane C or M).

(a) m. m proteins are middle proteins whose
rate of synthesis is greatly reduced in a 20- to 24-
min pulse of cells infected with wild-type SPO1
(lane H).

(b) m,l. m,l proteins are middle proteins syn-
thesized at an equal or a higher rate during a 20-
to 24-min pulse with wild-type SPO1 (lane H).

(iii) Late proteins. Late proteins are those
synthesized in a 20- to 24-min pulse of SPO1-
infected cells (lane H) which are not synthesized
during a 10- to 14-min pulse in susF14-infected
cells (lane F). The temporal interval over which
these proteins are produced, and the lack of
coupling with DNA synthesis (Fig. 1), defines
most of these polypeptides as m,l. As was noted
in the presentation of Fig. 1, a few of the late
proteins (most notably /14) appear later than the

e m
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other late ones and are severely reduced in DO
infection. These may represent proteins whose
messages belong to the [ class of SPO1 RNA.
The positive regulatory subunit of RNA poly-
merase, gp28 (product of gene 28), has a molecu-
lar weight of 26,000 and is responsible for initiat-
ing the synthesis of middle RNAs (5, 7). The
mRNA for this protein must be initially synthe-
sized from early promoters. A protein of this
size, which is present in infections by both
susF39 (Fig. 3) and susF14 (Fig. 5), is absent
from the proteins produced by susF21. We have,
therefore, assigned this protein to the early class
(e8) as the product of gene 28. A protein which is
unique to susF21 infections (e8*), with a molec-
ular weight of about 19,000, is probably the
prematurely terminated nonsense fragment.
Relevent lanes of Fig. 4 are reproduced in Fig.
5 so that the early, middle, and late proteins can
be enumerated. According to this definition, we

A B

c D E

FIG. 5. Composite picture showing each SPO1 polypeptide identified and defined as early (e), middle (m), or
late (/) according to the criteria indicated in the text. The autoradiograms shown are taken from Fig. 4 and
rearranged to illustrate the band assignments referred to in the text: (A) Fig. 4C, 0 to 10 min, susF21, irradiated
cells; (B) Fig. 41, B. subtilis RNA polymerase in vitro; (C) Fig. 4F, 10 to 14 min, susF14, unirradiated cells; (D)
Fig. 4K, gp28-modified RNA polymerase in vitro; (E) Fig. 4H, 20 to 24 min, wild-type SPO1, unirradiated cells.
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are able to identify 21 distinct SPO1 early pro-
teins. The large differences in the rates of syn-
thesis of these proteins are consistent with the
fact that only those synthesized at a very high
rate are detectable in unirradiated B. subtilis.
There are 9 major middle proteins according to
this definition and 16 major late proteins. It is
possible to detect additional faint bands in these
samples, and there are undoubtedly many pro-
teins of similar molecular weight which we can-
not detect by migration in one dimension when
electrophoresed in an SDS-polyacrylamide gel.
Therefore, the 46 proteins listed in Table 2 are a
lower limit to the number of proteins synthe-
sized during SPO1 infection.

In vitro synthesis of SPO1 proteins. It has been
demonstrated that the E. coli-coupled transcrip-
tion-translation system used in this study results
in the production of specific phage proteins from
SPO1 DNA (21, 25). The endogenous E. coli
RNA polymerase and the purified B. subtilis
RNA polymerase specify the same SPO1 early
proteins when SPO1 DNA is used as a template
in this system (22) (Fig. 4, lanes I and J) and
compete for initiation sites on the template DNA
(22). The gp28-modified RNA polymerase, on
the other hand, initiates at different sites on
SPO1 DNA and specifies a set of proteins dis-
tinct from those produced with bacterial en-
zymes (5, 22, 26).

In this study, a correlation between those
proteins synthesized in vitro, using SPO1 DNA
and the B. subtilis or gp28-modified RNA poly-
merase, is made on the basis of migration in an
SDS-polyacrylamide gel. Of course, comigration
of two bands in these gels does not establish
identity. However, examination of many gels
and the overall similarity in the appearance of
the in vivo and in vitro proteins synthesized
make one reasonably confident that, in regions
of the gel where proteins are well resolved, one
can make these correlations. We have shown
that the SPOL1 early protein e3 is indistinguish-
able from the in vitro protein comigrating with it,
using the peptide mapping technique of Cleve-
land et al. (3; unpublished data).

Comparison of the proteins synthesized from
SPO1 DNA in vitro, using B. subtilis RNA
polymerase (Fig. 4I and 5B), and the SPO1 early
proteins (Fig. 4C and 5A) indicates that most of
the SPO1 early proteins are synthesized in vitro.
Proteins el and e2 are not produced in the
coupled system, probably due to a combination
of their large size and low rate of synthesis in
vivo.

There are several differences in the rates of
synthesis of some of these proteins in vivo and
in vitro. For example, protein €6 is produced at a
higher rate than €7 in vivo, but this situation is
reversed in vitro. The reasons for these quantita-
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tive differences in the production of specific
SPO1 proteins in vitro are not known. It is
significant that all but two of the SPO1 early
proteins are synthesized in the E. coli-coupled
transcription-translation system.

The proteins synthesized in vitro, using gp28-
modified RNA polymerase (Fig. 4K), include
many of the major SPO1 middle proteins (e.g.,
m3, m6, m7, and m9) as well as some of the
SPOL1 early proteins. It is important to consider
the differences in the quantity of a given protein
synthesized by B. subtilis or gp28-modified en-
zyme in vitro to assess the specificity of these
enzymes. The early protein €3 is produced by
both enzymes in the reactions shown (Fig. 41
and K and 5B and D); however, it is synthesized
at a much higher rate by B. subtilis RNA poly-
merase than by gp28-modified enzyme. In other
experiments this difference in the rate of synthe-
sis of e3 is even greater; in fact, it cannot be
detected in many reactions stimulated by gp28-
modified RNA polymerase (22). We know that
apparently unmodified B. subtilis holoenzyme is
present in large amounts in RNA polymerase
obtained from SPO1-infected cells (4; our own
observations) and that this enzyme is highly
active in transcription from early promoters.
Holoenzyme is separated from gp28-modified
forms during the purification. Although the
RNA polymerase purified from susF14-infected
cells, which was used in this experiment, con-
tained gp28 and no detectable gp33 or gp34 as
expected (6), it still had trace amounts of sigma
polypeptide. This accounts for the reduced syn-
thesis of €3 and other early proteins in the
reaction displayed in Fig. 4K and 5D. Therefore,
the assessment of the ability of a particular
SPOL1 protein to be expressed in vitro, using the
purified RNA polymerases (Table 2), relied on a
comparison of the amount of protein synthe-
sized with B. subtilis versus gp28-modified RNA
polymerase.

Most proteins synthesized according to the e
transcription mode in vivo (e3, €6, €7, €9, el$,
el7, e18, e19, €20, and e21) are synthesized in
high amounts with B. subtilis RNA polymerase
in the coupled transcription-translation system
but are produced in greatly reduced quantities or
not at all with gp28-modified enzyme. Bands €6
and €20 appear to be exceptions, since they are
made in significant amounts under control of
gp28-modified polymerase. In some of our gels,
the e6—e7 region can be resolved into three
bands. It is possible that band e6, on this gel,
consists of two proteins, one under e transcrip-
tion control and a minor component under em
control. Similarly, it can be seen (Fig. 4) that
there are two barely resolved bands in the region
labeled €20. In other experiments in which bet-
ter resolution has been obtained in this area, we
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have observed in vitro synthesis of one of these
proteins only when unmodified bacterial poly-
merase was used.

The proteins belonging to the em transcription
class, on the other hand, are made in equivalent
amounts with bacterial or phage-modified en-
zyme (e8, el4, and el16) or in greater amounts
with gp28-modified enzyme (e$, ell, and e12).
Since it has been demonstrated (22) that E. coli
and B. subtilis RNA polymerases compete for
sites on the template DNA, whereas gp28-modi-
fied enzyme recognizes different sites, synthesis
of these em proteins may be accomplished from
two different RN A polymerase initiation sites on
the SPO1 genome. Furthermore, the sites for
initiation of gp28-modified enzyme may be clos-
er to the em structural gene because rifampin-
poisoned E. coli RNA polymerase does not
block their synthesis (22).

DISCUSSION

SPO1 protein synthesis in vivo. In this study,
we have classified many of the polypeptides
synthesized during SPO1 infection according to
criteria roughly equivalent to those originally
used to define the six classes of SPO1 RNA
transcripts (8, 9). To generate a complete de-
scription of SPO1 protein synthesis, it has been
necessary to correlate results obtained during
infection under a variety of conditions.

We have shown that UV irradiation of host
cells before infection removes background host
protein synthesis and allows one to study events
occurring early after infection. However, the
temporal expression of the SPO1 polypeptides is
abnormal in these cells. Shutoff of the SPO1
early and middle gene products is delayed, and
at least one polypeptide (/114) is never synthe-
sized in irradiated cells. It is, therefore, neces-
sary to correlate results from irradiated cells
with those obtained during infection of unirradi-
ated cells to study the temporal sequence of
events occurring throughout SPO1 infection.
Since host protein synthesis declines to a low
background level at about 6 min of infection in
unirradiated cells, we have been able to make
these correlations and obtain an accurate picture
of the temporal expression of many of the SPO1
proteins. It has not been possible to identify all
of the SPO1 gene products by electrophoresis in
one dimension, as indicated by our inability to
locate a ‘‘missing band’’ during infection with
many sus mutants (e.g., susF20; Fig. 1). Indeed,
the combined molecular weights of all of the
proteins in Table 2 account for only about 35%
of the coding capacity of the unique sequences
of SPO1 DNA.

The information obtained concerning the tem-
poral expression of each of the SPO1 polypep-
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tides must be supplemented with their ability to
be synthesized in cells infected with the known
transcriptional regulatory mutants because the
times of synthesis of different proteins belonging
to a given class are not always synchronously
initiated and terminated. In cases in which this is
true, we have classified a given protein on the
basis of its ability to be synthesized during
susF21 and susF14 infections. The results re-
ported here demonstrate that five of the six
classes of SPO1 transcripts described by Gage
and Geiduschek (9), e, em, m, myl, and m,l, are
the mRNAs for groups of coordinately regulated
proteins. The role of the / class of SPO1 RNA
remains problematical. Stewart et al. (24)
showed that for SP82, a phage closely related to
SPO1, the late protein(s) which blocks the inac-
tivating effect of anti-phage serum (serum block-
ing power, SBP) is made at the normal time (but
in reduced amount) in the absence of phage
DNA synthesis. A SPO1 D0 mutant showed
delayed onset as well as reduced amount of
synthesis of SBP. They concluded that DNA
synthesis is not absolutely required for expres-
sion of late genes in these phages. Our results
are in general agreement with this conclusion,
although they also support the notion that DNA
synthesis is required for synthesis of a small
subset of late SPO1 proteins. There does not
seem to be a large class of SPO1 polypeptides
whose synthesis absolutely requires DNA repli-
cation (Fig. 1). Rather, most of the proteins
which are not produced in infections by the
transcription control mutant susF14, including
the precursor of the major phage capsid protein
16 (our unpublished data), are made in normal
relative amounts in infections of Su™ cells by D0
mutants and are therefore translated from mj,l
transcripts. A small number of proteins (/8 and
114) appear much later than the other late ones
and in DO infections are reduced in amount (/8)
or are undetectable (/114). This is also true (our
unpublished data) for other DO mutants, includ-
ing susF30 (gene 22), which was used to estab-
lish the existence of the I (or DNA synthesis-
dependent) class of SPO1 transcripts (8).
However, the DO mutant susHA20 (gene 27) is
deficient in production of all late proteins (our
unpublished data). Greene et al. (12) have inde-
pendently observed that susHA20 is defective in
late transcription. We suggest that most of the
late genes can be transcribed in normal amounts
from the input infecting DNA (multiplicities of
infection of 5 used in our experiments), whereas
a high level of synthesis of a few proteins
requires the accumulation of a large pool of
replicating DNA. On the other hand, the product
of gene 27 may be directly involved in both DNA
replication and late transcription. Glassberg et
al. (10) described two temperature-sensitive iso-
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lates of SPO1 whose mutations were mapped to
gene 27, where the lethal phenotype was uncou-
pled from a defect in DNA synthesis. Interest-
ingly, the product of phage T4 and 45 seems to
play just a dual role (27), and evidence has been
presented that it interacts with RNA polymerase
(18, 23). The only protein we have described
which fits the criteria for being transcribed ex-
clusively from / RNA is [14. It is possible that
there are other proteins in this category which
we have not detected. Alternatively, / RNA may
be primarily composed of non-mRNA tran-
scripts.

The results we have presented here are diffi-
cult to compare with the previous report of
protein synthesis in SPOl-infected minicells
(19). The general program of infection in mini-
cells or UV-irradiated cells is similar, although
irradiated cells are able to synthesize SPO1 late
proteins whereas minicells do not. The specific
differences between these two systems are diffi-
cult to assess and are not relevant to the present
discussion because it is not possible to describe
the entire program of SPO1 protein synthesis
with either system.

SPO1 protein synthesis in vitro. We have also
demonstrated in this study that it is possible to
correlate the proteins synthesized in an E. coli-
coupled transcription-translation system from
SPO1 DNA, using bacterial or gp28-modified
RNA polymerase, with the SPO1 proteins syn-
thesized in vivo. These correlations have been
made on the basis of migration in an SDS-
polyacrylamide gel, and we believe that, in most
cases, they are correct because of the overall
similarity in the pattern of proteins synthesized
in vivo or in vitro under the appropriate condi-
tions.

RNA polymerase purified after SPO1 infec-
tion, lacking sigma polypeptide and containing
gp33 and gp34, has been shown to synthesize
myl RNA in vitro (17). In experiments not re-
ported here, we have examined the proteins
produced from SPO1 DNA when the coupled
cell-free system was stimulated by RNA poly-
merase purified from susF30 (D0)-infected cells
at 30 min after infection. This enzyme prepara-
tion lacked detectable sigma polypeptide, but
contained the host subunit delta (16) as well as
gp28, gp33, and gp34. This enzyme was unable
to stimulate the synthesis of any polypeptide
besides those specified by phage polymerase
containing gp28 alone. Reactions carried out
over a variety of salt concentrations failed to
elicit the production of the late proteins (K.
Walsh and D. Shub, unpublished data). It is
tempting to speculate that gp28 interferes in
some way with transcription of late genes, but
the relevant experiments have not been done.

The most significant results reported in this
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study deal with the ability of the SPO1 early
proteins to be synthesized in the coupled sys-
tem, using bacterial or gp28-modified RNA poly-
merase. The SPO1 early proteins belonging to
the e class are synthesized only by bacterial
RNA polymerase, whereas the SPO1 em pro-
teins can be made in vitro, using either bacterial
or gp28-modified enzyme. All promoters recog-
nized by B. subtilis RNA polymerase in vitro
can be blocked by rifampin-poisoned E. coli
RNA polymerase, whereas the transcripts for
those early proteins now identified as em can be
made by gp28-modified polymerase under those
conditions (22). These results suggest that the
em transcripts are synthesized from two differ-
ent RNA polymerase promoter sites, in both the
early and the middle transcription modes.

ACKNOWLEDGMENT

This work was supported by Public Health Service grant Al-
11323 from the National Institute of Allergy and Infectious
Diseases.

LITERATURE CITED

1. Blattler, D. P., F. Garner, K. van Slyke, and A. Bradley.
1972. Quantitative electrophoresis in polyacrylamide gels
of 2-40%. J. Chromatogr. 64:147-155.

2. Burgess, R. R., and J. J. Jendrisak. 1975. A procedure for
the rapid, large-scale purification of E. coli DNA-depen-
dent RNA polymerase involving polymin P precipitation
and DNA cellulose chromatography. Biochemistry
14:4634-4638.

3. Cleveland, D. W., S. G. Fischer, M. W. Kirschner, and
U. K. Laemmli. 1977. Peptide mapping by limited proteol-
ysis in sodium dodecyl sulfate and analysis by gel electro-
phoresis. J. Biol. Chem. 252:1102-1106.

4. Duffy, J. J., and E. P. Geiduschek. 1975. RNA polymerase
from phage SPO1-infected and uninfected Bacillus subti-
lis. J. Biol. Chem. 250:4530-4541.

5. Duffy, J. J., and E. P. Geiduschek. 1976. The virus
specified subunits of a modified B. subtilis RNA polymer-
ase are determinants of DNA binding and RNA chain
initiation. Cell 8:595-604.

6. Fox, T. D. 1976. Identification of phage SPO1 proteins
coded by regulatory genes 33 and 34. Nature (London)
262:748-753.

7. Fox, T. D., R. Losick, and J. Pero. 1976. Regulatory gene
28 of bacteriophage SPO1 codes for a phage-induced
subunit of RNA polymerase. J. Mol. Biol. 101:427-433.

8. Fujita, D. J., B. M. Ohlsson-Wilhelm, and E. P. Geidus-
chek. 1971. Transcription during bacteriophage SPO1 de-
velopment: mutations affecting the program of viral tran-
scription. J. Mol. Biol. 57:301-317.

9. Gage, L. P., and E. P. Geiduschek. 1971. RNA synthesis
during bacteriophage SPO1 development: six classes of
SPO1 RNA. J. Mol. Biol. 57:279-300.

10. Glassberg, J., R. A. Slomiany, and C. R. Stewart. 1977.
Selective screening procedure for the isolation of heat-
and cold-sensitive replication-deficient mutants of bacte-
riophage SPO1 and preliminary characterization of the
mutants isolated. J. Virol. 21:54—60.

11. Gold, L. M., and M. Schweiger. 1971. Synthesis of bacte-
riophage-specific enzymes directed by DNA in vitro.
Methods Enzymol. 20:537-542.

12. Greene, J. R., B. K. Chelm, and E. P. Geiduschek. 1982.
SPO1 gene 27 is required for viral late transcription. J.
Virol. 41:715-720.

13. Hiatt, W. R., and H. R. Whiteley. 1977. Translation of
RNA s synthesized in vivo and in vitro from bacteriophage
SP82 DNA. J. Virol. 2:616-629.



962

14.

15.

16.

17.

18.

19.

20.

21.

HEINTZ AND SHUB

Levinthal, C., J. Hosoda, and D. A. Shub. 1967. The
control of protein synthesis after phage infection, p. 71-
87. In J. S. Colter and M. Paranchych (ed.), Molecular
biology of viruses. Academic Press, Inc., New York.
Okubo, S., T. Yanagida, D. J. Fujita, and B. M. Ohlsson-
Wilhelm. 1972. The genetics of bacteriophage SPO1.
Biken J. 15:81-97.

Pero, J., J. Nelson, and T. D. Fox. 1975. Highly asymmet-
ric transcription by RNA polymerase continuing phage
SPO1-induced polypeptides and a new host protein. Proc.
Natl. Acad. Sci. U.S.A. 72:1589-1593.

Pero, J., R. Tjian, J. Nelson, and R. Losick. 1975. In vitro
transcription of a late class of phage SPO1 genes. Nature
(London) 257:248-251.

Ratner, D. 1974. The interaction of bacterial and phage
protein with immobilized Escherichia coli RNA polymer-
ase. J. Mol. Biol. 88:373-383.

Reeve, J. N., G. Mertens, and E. Amann. 1978. Early
development of bacteriophages SPO1 and SP82G in mini-
cells of Bacillus subtilis. J. Mol. Biol. 120:183-208.
Sarachu, A. N., J. C. Alonso, and O. Grau. 1980. Novobi-
ocin blocks the shutoff of SPO1 early transcription. Virol-
ogy 105:13-18.

Shub, D. A. 1975. Bacteriophage SPO1 DNA- and RNA-

22.

23.

26.

27.

J. VIROL.

directed protein synthesis in vitro: comparison with in
vivo control. Mol. Gen. Genet. 137:171-180.

Shub, D. A., M. Swanton, and D. H. Smith. 1979. The
nature of transcription selectivity of bacteriophage SPO1-
modified RNA polymerase. Mol. Gen. Genet. 172:193-
197.

Snyder, L. R., and D. L. Montgomery. 1974. Inhibition of
T4 growth by an RNA polymerase mutation of E. coli:
physiological and genetic analysis of the effects during
phage development. Virology 62:184-196.

. Stewart, C. R., B. Click, and M. F. Tole. 1972. DNA

replication and late protein synthesis during SP82 infec-
tion of Bacillis subtilis. Virology 50:653—-663.

. Swanton, M., D. H. Smith, and D. A. Shub. 1975. Synthe-

sis of specific functional messenger RNA in vitro by phage
SPO1-modified RNA polymerase of Bacillus subtilis.
Proc. Natl. Acad. Sci. U.S.A. 72:4886-4890.
Talkington, C., and J. Pero. 1978. Promoter recognition
by phage SPO1-modified RNA polymerase. Proc. Natl.
Acad. Sci. U.S.A. 75:1185-1189.

Wu, R., E. P. Geiduschek, and A. Cascino. 1975. The role
of replication proteins in the regulation of bacteriophage
T4 transcription. II. Gene 45 and late transcription uncou-
pled from replication. J. Mol. Biol. 96:539-562.



