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ABSTRACT  Gene 28 of Bacillus subtilis bactenophage SPO1
codes for a regulatory protein, a o factor known as o®%, that
binds to the bacterial core RNA polymerase to direct the recog
nition of phage middle gene promoters. middle promoters exhibit
distinctive and conserved nucleotide sequences in two regions cen-
tered about 10 and 35 base pairs upstream from the start point of
mRNA synthesis. Here we report the cloning of gene 28 and its
complete nucleotide sequence. We infer that 0% is a 25,707-
dalton protein of 220 amino acids. Neither the nucleotide sequenoe
of gene 28 nor the inferred amino acid sequence of o* exhibits
extensive homology to the gene or protein sequence of Escherichia
coli o factor.

The o subunit of bacterial RNA polymerase (nucleosidetri-
phosphate:RNA nucleotidyltransferase, EC 2.7.7.6) plays a crit-
ical role in the initiation of transcription (1). The binding of o
to the core enzyme confers on polymerase the ability to rec-
ognize promoter sites on DNA which, in Escherichia coli, ex-
hibit characteristic conserved sequences in two regions cen-
tered about 10 base pairs (bp) (the —10 region) and 35 bp (the
—35 region) upstream from the start point of transcription. The
consensus sequences on the nontranscribed strand for the —10
and —35 regions are T-A-T-A-A-T and T-T-G-A-C-A, respec-
tively (2, 3).

In E. coli, a single 70,263-dalton o factor is thought to initiate
all transcription (4). In Bacillus subtilis and its bacteriophages,
in contrast, multiple species of o factor confer upon core RNA
polymerase the ability to bind to dlfferent classes of promoters
(5). RNA polymerase containing o°, the principal o factor used
by B. subtilis during vegetative growth recognizes promoters
that are similar in sequence to E. coli promoters (6, 7). During
the lytic growth of certain bacteriophages and during the pro-
cess of endospore formation, o™ is replaced on the core RNA
polymerase by novel phage and bacterial species of o. The pro-
totype for studies of novel o factors is the product of bacterio-
phage SPO1 gene 28, a regulatory protein known as 0%, which
directs the recognition of phage middle gene promoters at in-
termediate times during the SPOL1 lytic cycle (8-10).

Like E. coli promoters or promoters recognized by the prin-
cipal form of B. subtilis RNA polymerase, middle gene pro-
moters strongly conform to each other in two sequences cen-
tered at positions —35 and —10. The conserved —35 and —10
regions of middle gene promoters (A-G-G-A-G-A and T-T-T-N-
T-T-T, respectively; T represents hydroxymethyluracil in SPO1
DNA) differ significantly, however, from the correspondmg
canonical hexamers of E. coli promoters or B. subtilis ¢°°-con-
trolled promoters (11, 12). Interestingly, this pattern of dis-
tinctive.and conserved —10 and —35 regions is emerging as a
general feature of promoters controlled by the various bacterial
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and phage-coded as in B. subtilis (13-15). This argues that RNA
polymerases with different species of o factor see promoters in
fundamentally the same manner but that different o factors in-
teract with different bases in both the —35 and —10 regions (5,
12).

How then do the structures of these novel as compare with
each other or with the structure of E. coli o? The primary struc-
ture of E. coli o has been derived from the nucleotide sequence
of its cloned gene rpoD (4). Until now, the primary structure
of any o factor acting in B. subtilis has been unknown. Here we
report the cloning of SPO1 gene 28, its complete nucleotide se-
quence, and the derived primary structure of

MATERIALS AND METHODS

Construction of Recombinant Plasmids. SPO1 phages were
grown and purified as described (8); gene 28 mutants susF21
and sus33 were provided by S. Okubo (16). Phage and plasmid
DNAs were purified and cleaved with restriction enzymes, and
their fragments were isolated as described (17, 18) except that
DNA fragments were eluted from agarose gels by the method
of Vogelstein and Gillespie (19).

Sau3A-cleaved EcoRI* fragment 3 (2 ug) isolated from either
wild-type SPO1 DNA (to construct pMC103) or gene 28 mutant
susF21 DNA (to construct pMC2) was cloned into BamHI-
cleaved pBR322 (0.2 ug). Conditions for in vitro ligation, trans-
formation, and preparation of colony hybridization filters were
as described (20) except that T4 DNA ligase was purchased from
Bethesda Research Laboratories and E. coli strain HB101 was
the transformation recipient. DNA for use as a hybridization
probe (see Results) was radioactively labeled by nick-translation
(21). Hybridizations were performed as described (18) except
that a 200-fold excess of unlabeled pBR322 DNA was added to
the hybridization mixture for pMC103 screening.

In Vitro Transcription-Translation. Coupled in vitro tran-
scription-translation was performed with an S150 extract, ri-
bosomes, and initiation factors purified from E. coli MRE 600
cells according to the method of Schweiger and Herrlich (22).
DNA (1-2 pug) was used in a 50-ul reaction mixture containing
15 uCi (1 Ci = 3.7 X 10" Bq) of [**S]methionine (from New
England Nuclear). Samples were precipitated with trichloro-
acetic acid, resuspended in sample buffer, and run on 12% poly-

.acrylamide gels by the method of Laemmli (23).

DNA Sequence Determination. Restriction fragments were
radioactively labeled at their 5' ends by the phosphate exchange
kinase reaction with T4 polynucleotide kinase (from Boehringer
Mannheim) (24) or at their 3’ ends by extension with the Klenow
fragment of E. coli DNA polymerase I (from Bethesda Research
Laboratories) (25). Nucleotide sequence was determined as de-
scribed by Maxam and Gilbert (26).

Abbreviations: bp, base pair(s); kb, kilobase(s).
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Purification and NH,-Terminal Amino Acid Sequence of
gp28. A plasmid capable of overproducing gp28 in E. coli was
constructed by ligating the Sau3A insert from pMC103 into the
BamHI site of pA8, a pBR322 derivative containing a 1.1-kilo-
base (kb) fragment of bacteriophage A DNA bearing the strong
promoter Py and the N gene (27). Induction of transcription from
Py, by inactivation of the temperature-sensitive A repressor car-
ried by the host strain, resulted in the production of gp28 as a
significantfraction of total cell protein. gp28 was purified to ap-
parent homogeneity from extracts of induced cells by DEAE-
Sephacel and Sephacryl S-200 chromatography. The sequence
of the first five NH,-terminal amino acids of gp28 was deter-
mined on a Beckman sequencer with approximately 50 ug of
gp28. The overproduction, purification, and NHy-terminal amino
acid sequence of gp28 will be described in detail elsewhere.

RESULTS

Cloning of Mutant Gene 28. Because o factors that interact
with B. subtilis core RNA polymerase can also alter the pro-
moter recognition specificity of E. coli RNA polymerase (28,
29), we considered the possibility that a plasmid carrying a copy
of SPO1 gene 28 would be lethal to its E. coli host. To avoid this
potential problem, we first cloned a mutant version of gene 28
(although, as shown below, this precaution proved to be un-
necessary). Coupled transcription and translation experiments
with isolated SPO1 DNA fragments by Chelm et al. (30) and our
own similar experiments (see Fig. 2B, lane 2) mapped gene 28
to a 2-kb Bgl II-BstEII restriction fragment contained within
EcoRI* fragment 3 (Fig. 1). To clone DNA from this region of
the genome, EcoRI* fragment 3 was isolated from gene 28 mu-
tant susF21 phage DNA, digested with Sau3A, and ligated into
the BamHI site of pBR322. Ampicillin-resistant tetracycline-
sensitive transformants were selected and screened by in situ
colony hybridization. The probe used for the colony hybridiza-
tion was a 3.4-kb Bgl II-BstNI fragment isolated from EcoRI*
fragment 3 and radioactively labeled by nick-translation; this
larger gene 28-containing segment could be obtained in pure
form more readily than the smaller Bgl II-BstEII fragment (Fig.
1).

One colony to which the probe hybridized contained a plas-
mid, pMC2, with two inserts: Sau3A fragments of 1.2 kb and
140 bp. To verify that these inserts were indeed derived from
the 3.4-kb Bgl II-BstNI region, isolated pMC2 DNA was ra-
dioactively labeled by nick-translation and hybridized to a
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Southern blot of EcoRI* fragment 3 cleaved with both Bgl 11
and BstNI. pMC2 DNA hybridized strongly to the 3.4-kb Bgl
I1-BstNI fragment (not shown); no significant hybridization to
any other DNA fragment was observed.

We examined the proteins produced from the pMC2 inserts
in an E. coli coupled in vitro transcription-translation system.
To eliminate a background of pBR322-encoded proteins, the
plasmid was first digested with Hae III—which cuts most DNAs,
including pBR322, into small pieces, but rarely cuts SPO1 DNA
[only 5 sites exist in the 140-kb genome (31)]. Hae III digestion
left the pMC2 inserts intact and flanked by short (25 and 79 bp)
segments of pBR322. Lane 5 of Fig. 2B shows that no proteins
were produced from Hae 11I-digested pBR322. Lane 4 shows
that the major product of Hae I11-digested pMC2 was a protein
of approximately 21,000 daltons. This corresponds in size to the
nonsense fragment of gp28 produced when EcoRI* fragment 3
from the gene 28 mutant susF21 was subjected to in vitro tran-
scription-translation (Fig. 2A). Sau3A digestion did not affect
the appearance of this protein (not shown), indicating that its
coding sequences must be entirely contained within the 1.2-kb
Sau3A insert.

Cloning of Wild-Type Gene 28. The evidence that the pMC2
insert contained mutant gene 28 seemed sufficiently encour-
aging to attempt to repeat the cloning experiment but starting
with EcoRI* fragment 3 from wild-type SPO1 DNA. The ra-
dioactive probe used to screen the ampicillin-resistant tetra-
cycline-sensitive transformants for clones of wild-type gene 28
was the 1.2-kb Sau3A insert isolated from pMC2 DNA. One of
the colonies to which the probe hybridized contained a plasmid,
pMCI103, with a single 1.2-kb Sau3A insert whose restriction
map was found to be identical to that of pMC2 (Fig. 3), proving
that we had in fact cloned the identical fragment from wild-type
DNA. If this fragment did contain gene 28, we expected that
the 21,000-dalton protein produced from pMC2 in the in vitro
transcription-translation system would be replaced in pMC103-
directed protein synthesis with the full-size gene 28 product
(26,000 daltons). This expectation was confirmed in the exper-
iment (lane 3 of Fig. 2B), establishing that pMC103 did contain
gene 28.

Marker Rescue.of Gene 28 Mutants by pMC103 and pMC2.
Genetic evidence that pMC103 and pMC2 contained SPO1 gene
28 was provided by marker rescue experiments. Competent cells
of a nonpermissive host strain were transformed with linear
plasmid DNA and, shortly thereafter, were infected with non-
sense mutant phage. If the plasmid DNA contained the wild-
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FiG. 1. EcoI}I* restriction map of SPO1 DNA (31). The genome is approximately 140 kb with 12.4-kb direct terminal repeats. Below is shown
the gene 28 region, as mapped by Chelm et al. (30), except that gene 28 is located to the left of gene 27 (see Discussion).
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. F16. 2. Proteins produced from in vitro transcription-translation
of recombinant plasmids and of SPO1 DNA. Proteins synthesized from
the indicated DNAs (1-2 ug) were radioactively labeled with
[®5SImethionine (15 uCi) and separated by gel electrophoresis. (4)
Hentifieation of gp28. Lanes: 1, EcoRI* fragment 3 from wild-type SPO1
DNA; 2, EcoRI* fragment 3 from the DNA of the gene 28 nonsense mu-
tant susF21. Arrowheads indicate the positions of gp28 and the amber
fragment. The band identified as gp28 also comigrated with unlabeled
gp28 purified from infected cells (not shown). (B) Proteins produced from

- wild-type and mutant gene 28 clones. Lanes: 1, isolated EcoRI* frag-
ment 3; 2, isolated 3-kb Bgl II-BstEIl subfragment of EcoRI* fragment
3; 3, Hae I1l-digested pMC103; 4, Hae ITI-digested pMC2; 5, Hae III-di-
gested pBR322.

type allele of the phage mutation, recombination between the
two could produce a wild-type genome, thus allowing plaques
to form on a lawn of the nonpermissive host.

Table 1 shows the results of marker rescue experiments using
pMC103 and pMC2 DNA to rescue the infections of two dif-
ferent gene 28 nonsense mutants (susF21 and sus33). In no case
did transformation with pBR322 DNA alone increase the back-
ground number of plaques per plate, whereas pMC103 rescued
the infections of both mutant phages, susF21 and sus33, as ef-
ficiently as did wild-type SPO1 DNA. Even pMC2, constructed
from the DNA of susF21 phage, gave a small but significant in-
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the infection of sus33-phage. It was expected that the increase
would be small because rescue of one gene 28 allele by DNA
of a different allele requires that recombination take place
within the gene. Thus, these experiments proved definitively
that pMC103 and pMC2 contain SPOI gene 28.

Nucleotide Sequence of Gene 28. The nucleotide sequence
of gene 28 and its 5’ and 3' flanking regions was determined by
the Maxam-Gilbert chemical method (26). Restriction frag-
ments were radioactively labeled either at their 5 ends by T4
polynucleotide kinase or at their 3' ends by the Klenow frag-
ment of T4 DNA polymerase. The strategy is presented in Fig.
3, and the DNA sequence of the gene and the derived protein
sequence of gp28 are shown in Fig. 4. DNAs from both pMC2
and pMC103 were used for sequence analysis, in some cases as
a mixture; the inserts were found to be identical at all positions
except at nucleotide 851 where C in pMC103 is replaced by T
in pMC2, changing a CAG codon for glutamine into the amber
stop codon TAG.

Location of the Translational Initiation Codon for gp28. The
cloned insert in pMC103 has only a single open reading frame
in either direction large enough to encode a polypeptide the size
of gp28, 26,000 daltons. Furthermore, the position of the am-
ber mutation in gene 28 establishes this to be the correct reading
frame. Near the 5’ end of this 243-codon open reading frame
there is a translational initiation codon, ATG, preceded at the
correct distance by a strong ribosome binding site [AG = —14.6
keal/mol (1 cal = 4.184 J) as calculated according to the rules
of Tinoco et al. (34)]. In accordance with the hypothesis of
McLaughlin et al. (35), the ribosome binding site has extensive
complementarity to the 3’ end of B. subtilis 16S ribosomal RNA,
making the interaction between the mRNA and rRNA stronger
than that usually found in E. coli.

To confirm that this site is actually the translational start point
of gp28, the sequence of the NHy-terminal five amino acids of
'gp28 was determined. The sequence obtained, Met-Val-Glu-Asn-
Val, is in perfect agreement with the NH,-terminal amino acid
sequence predicted from the nucleotide sequence of gene 28.
This pattern of five amino acids is not found anywhere else in
the.reading frame of gp28.

A middle Gene Promoter Located After Gene 28 and Before
Gene 27. middle gene promoters have highly conserved se-
quences at both the —35 and —10 regions (A-G-G-A-G-A and
T-T-T-N-T-T-T, respectively) (11, 12). Inspection of the pMC103
nucleotide sequence for regions homologous to the middle gene
promoter consensus sequence revealed a perfect match im-
mediately downstream from the 3’ end of gene 28 (Fig. 4). Tran-
scription of this region of SPO1 DNA, cut with various restric-
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FiG. 3. Restriction map and sequence-determination strategy for pMC103 and pMC2. The location of gene 28 and the tentative location of gene
27-are indicated; the direction of transcription through this region is from left to right. Arrows indicate direction and extent of sequence analysis;
arrows ending with solid circles denote sequence analysis of 5’ end-labeled fragments; arrow with a square denotes sequence analysis of a 3’ end-

labeled fragment.
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Table 1. Marker rescue of gene 28 mutants by pMC103
and pMC2

Plaques, no./plate

Proc. Natl. Acad. Sci. USA 80 (1983) 1239

with overlapping segments of DNA cloned from this region (un-
published data) have established that gene 27 is located to the
right of gene 28 and that its 5’ end is located on pMC103 close
to the 3’ end of gene 28.

DNA susF21 sus33
— 7 13
pBR322 6 14 DISCUSSION
pMC103 132 316 We have determined the complete nucleotide sequence of SPO1
pMC2 6 33 gene 28 and its 5’ and 3’ flanking regions. NH-terminal amino
SPO1t 141 429

The values listed represent means for the two mutant phages.
Marker rescue assays were performed as described by Cregg and Stew-
art (32) except that competent cells were prepared by the method of
Dubnau and Davidoff-Abelson (33).
+SPO1 DNA was digested with EcoRI* and failed to transfect.

runoff RNAs of the sizes predicted if this sequence were a func-
tional middle promoter (data not shown). Downstream from the
middle promoter is a strong (AG = —16.8 kcal/mol) ribosome
binding site followed by a translational open reading frame con-
taining the initiation site TTG [UUG and GUG as well as AUG
function as initiation codons in B. subtilis (35)]. This is most likely
the 5’ end of gene 27 because our marker rescue experiments

GATCACAGACAAAGAAGGTAAGGTAGTATTAGAAGTTATCAAAGAGGTAGGGGTCCTTGACACATCTGCAACACAGGAGCTTAGAGTAAACATTGTAAAA
GACGACAAAGGAAGAGTAAGTAGCTATTCAAAAGTTCTGGAGAAAACATAAGGATGAAGAGTGGAAGGTTGGTAAAGGTCTATTTGTAA&TGGAAGAGAC

GCAGTAAATTTAAGCCCTTTATTGGAACAAGCGGGCAACGAGATTATACACATTAGATAAGACAAGCAACATGGGGGAACTGCGGTTGGAAAGAGACAAA

acid sequence analysis of purified gp28 was used to locate the
5" end of gene 28. 085 is composed of 220 amino acid residues
and has a molecular mass of 25,707 daltons, which is close to the
value, 26,000 daltons, determined in this laboratory by sizing
on polyacrylamide gels (36). Thus, unlike E. coli o factor whose
electrophoretic mobility is anomalously low (4), %% migrates
at a rate consistent with its actual size.

0% is a highly charged protein, with 34% charged residues
as compared to 24% for an “average” protein [this value was
derived from a comparison of the amino acid compositions of
314 proteins (37)]. In this respect it is similar to E . coli o which
has 35% charged residues (4). However, E. coli o has more
acidic than basic residues (20.4% vs. 14.5%) and the acidic res-
idues are concentrated in the NH,-terminal third of the protein,

100
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Fic. 4. Nucleotide sequence of gene 28 and surrounding DNA. Only the nontranscribed DNA strand is shown. Beneath the DNA sequence is
the predicted amino acid sequence of gp28. The ribosome binding site for gp28 and the putative ribosome binding site for gp27 are underlined. The
—35 and —10 regions of the intercistronic middle promoter are enclosed in dotted lines.
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whereas 0% has approximately equal percentages of acidic
and basic residues (17.7% and 15%, respectively) and they are
evenly distributed throughout the protein.

The secondary structure of 0% was predicted by the method
of Chou and Fasman (38). The results of this analysis suggest
that roughly 70% of the protein is in the a-helix conformation,
with more than half the protein in four long helices of about 30
amino acids each. Approximately 16% of o®% is predicted to
be B-pleated sheet and about 9%, reverse turn. E. coli o is also
predicted to have a high content of a-helix (50-55%) (4).

A comparison, by computer (39), of the nucleotide sequences
of gene 28 and the E. coli o factor gene rpoD and of their de-
rived amino acid sequences failed to reveal any extensive ho-
mology between the two genes or proteins. However, several
short regions of amino acid homology were observed, the best
examples being two stretches of five identical amino acids out
of six. The significance of these regions of homology is unclear.
Perhaps they reflect common structural features of o factors
that are required for interaction with DNA or with core RNA
polymerase. In fact, both o factors can bind to the same core
RNA polymerases: E. coli o can interact with B. subtilis core
enzyme (28), and the 28,000-dalton protein of phage SP82 (the
%% analog of this closely related phage) can direct E .. coli RNA
polymerase to bind middle gene promoters (29).

How might the expression of gene 28 itself be controlled?
Gene 28 is located downstream from a weak early promoter; the
2.7-kb transcript produced from this promoter presumably en-
codes %% (30). This mRNA must also encode gp27 because we
have located gene 27 immediately downstream from gene 28
(Fig. 3). Interestingly, we have located a middle promoter in the
region between these two genes. This suggests that gene 27,
whose product is involved in both DNA replication and late
transcription (40), is transcribed both at early and middle times
after infection under the control of two different promoters.
Chelm et al. (30) previously identified a middle gene promoter
in or about the same position as the one identified here by an
electron microscopic analysis of gp28-containing RNA poly-
merase bound to DNA fragments. Because, until now, gene 27
had been thought to precede gene 28, they suggested that gene
28 might be transcribed from this middle promoter, thus par-
tially regulating its own expression. In light of the revised gene
order, the question of whether gp28 regulates transcription of
its own gene remains unanswered.

Above we raised the possibility that a plasmid carrying a copy
of gene 28 might be lethal for E. coli. Our present experiments
leave this question unresolved because we consider it unlikely
that gene 28 is expressed from pMC103. The orientation of gene
28 in pMC103 is opposite to that of the promoter for the tet gene
of pBR322 and in preliminary experiments we were unable to
detect an early promoter for gene 28 on the insert.

In summary, we have determined the primary structure of
a o factor that interacts with B. subtilis core RNA polymerase.
To date six different phage or bacterial os that confer unique
promoter recognition properties have been described (re-
viewed in ref. 5). It will be interesting to compare the structure
of o®*% with that of the other os to see whether they are related
evolutionarily.
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