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PBSX is a phage-like bacteriocin (phibacin) of Bacillus subtilis 168. Bacteria carrying the PBSX genome are
induced by DNA-damaging agents to lyse and produce PBSX particles. The particles cannot propagate the
PBSX genome. The particles produced by this suicidal response kill strains nonlysogenic for PBSX. A 5.2-kb
region which controls the induction of PBSX has been sequenced. The genes identified include the previously
identified repressor gene xre and a positive control factor gene, pcf. Pcf is similar to known sigma factors and
acts at the late promoter P, , which has been located distal to pcf. The first two genes expressed from the late
promoter show homology to genes encoding the subunits of phage terminases.

The defective bacteriophage PBSX of Bacillus subtilis 168 is
a phage-like bacteriocin, or phibacin, with curious biological
properties. PBSX lysogens exposed to DNA-damaging agents
produce PBSX phage-like particles which kill other nonlyso-
genic Bacillus strains (25) by binding to and disrupting the cell
wall. Each PBSX particle has a small head and a relatively long
tail. Phage heads appear to contain randomly selected 13-kb
segments of host DNA, which are not injected into susceptible
cells. PBSX is therefore not propagated by these particles (25,
26). PBSX appears to be a particulate bacteriocin which has
evolved from a bacteriophage.

Induction of PBSX is controlled by the repressor gene xre (6,
27, 40, 41). The amino acid sequence of Xre predicts that it is
a helix-turn-helix (HLH) protein resembling other DNA-
binding proteins such as lambda cI and Cro (14, 41). However,
little is known about the mechanism of action of Xre, and apart
from the suggestion that xre and a neighboring gene, now
called open reading frame 10 (ORF10), are regulated by Xre
itself, nothing is known about how the late genes are regulated
(41).

All known structural and lytic protein genes have been
shown to be clustered within a large operon of at least 19 kb in
length, which appears to be expressed from a single late
promoter region called P, (Fig. 1a) (40). A number of
mutations in regulatory genes, including xin (noninducible for
PBSX) and xhi (heat inducible for PBSX), are located proxi-
mal to mutations affecting phage head and tail proteins such as
xhd, xtl, and xki (6, 38). A regulatory mutation, xhi-1479,
renders PBSX thermoinducible (6). A 1.2-kb EcoRI fragment
from a PBSX wild-type strain was found to complement the
xhi-1479 mutation, and sequence analysis identified the xre
gene as the site of the mutation (41). xhi-1479 is thus analogous
to the cI#s857 mutation of bacteriophage lambda (36). An
insertion mutation called 316, which lies upstream of the major
late operon, abolishes induction of the prophage (40). This
finding suggests that there are other genes, possibly between
xre and the late operon, which are required for late gene
expression.
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In this report, we present the sequence and analysis of a
5.2-kb segment of DNA which spans the repressor gene xre, the
site of insertion directed by fragment 316, and the late
promoter P, . A model which describes the roles of these genes
and sites in the regulation of PBSX late gene expression is
presented.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plas-
mids are listed in Table 1.

Media. B. subtilis and Escherichia coli were grown in Luria-
Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 0.5%
NaCl) or LB agar. For selection, media contained chloram-
phenicol (at 3 pg/ml for low-copy-number vectors and 5 pg/ml
for higher-copy-number vectors) and kanamycin (5 pg/ml) for
B. subtilis, or chloramphenicol (15 pg/ml) and ampicillin (100
wng/ml) for E. coli as appropriate. a-Amylase activity was
detected by adding starch (0.2%) to the media, and plates were
stained over iodine crystals. For selection of auxotrophic
markers in B. subtilis, cells were grown in 1X Spizizen salts
[0.6% KH,PO,, 1.4% KHPO,, 0.2% (NH,),SO,, 1.1% Na,
CsHs0; - 2H,0, 0.02% MgSO, - 7H,0] supplemented with
0.5% glucose, appropriate amino acids (0.005%), and nucleo-
sides (0.01%). PBSX was induced by mitomycin at a final
concentration of 0.1 pg/ml (27).

Transformation. B. subtilis competent cells were prepared
and transformed as described by Contente and Dubnau (10).
E. coli competent cells were prepared and transformed as
described by Cohen et al. (9).

DNA preparations. All DNA manipulations for both E. coli
and B. subtilis were performed as described by Sambrook et al.
(30). B. subtilis chromosomal DNA was prepared by the
method of Rodriguez and Tait (29).

RNA preparation. B. subtilis RNA was isolated as described
by O’Reilly et al. (28). Cells were filtered through 115-ml
Nalgene filters (0.45-mm pore size), washed with 1 ml of STET
buffer (8% sucrose, 0.5% Triton X-100, 50 mM Tris-Cl [pH
8.0], 10 mM EDTA, 4 mg of lysozyme per ml), and incubated
on ice for 15 min to allow for cell lysis. The lysate was extracted
twice with 2 ml of phenol-chloroform (1:1) and once with
chloroform. RNA was precipitated with 500 pl of 7.5 M
ammonium acetate and 5 ml of ethanol, spun at 10,000 X g for
30 min (at 4°C), and washed with 70% ethanol. Preparations
were resuspended in H,O and adjusted to a concentration of 2
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FIG. 1. (a) Structural map of the PBSX genome, as determined by Wood et al. (40). PBSX maps between met4 and phoA on the genetic map
of B. subtilis 168. Fragments previously used by Wood et al. (40) to identify PBSX operons are indicated at the top. The early region was defined
by integration of fragment 316, which abolishes PBSX induction. The late operon encodes phage structural and lytic proteins, which are expressed
from a single promoter (P, ) within fragment 38. Restriction sites: B, BamHI; E, EcoRI; S, Sacl. (b) Structural map of the early and middle regions
of PBSX. Fragments 316 and 38, as discussed above, are shown in boldface. Fragment x1 complements the xki-1479 mutation, which renders PBSX
thermoinducible, and encodes a repressor protein (Xre) of PBSX. The orientation of fragments x1, x2, 316, x4, and 38 was determined by Southern
analysis (results not shown). The early, middle, and late regions are defined in the text. Restriction sites: E, EcoRI; H, HindIIl; S, Sacl. (c) ORFs
identified in the 5.2-kb region of PBSX. Six complete ORFs are in the same orientation, while xre is in the opposite orientation. It is proposed that
Xre is autoregulated by selective binding to four operator sites within the operator-promoter (O-P) region. We propose that upon induction of
PBSX, ORF10, ORF3, ORFS5, ORF6, and ORF?7 are expressed as a single transcriptional unit, as indicated by dotted lines. T, is similar to known
rho-independant transcriptional terminators, suggesting that transcription may terminate or pause at this site. Antitermination, possibly directed
by ORFS, would allow expression of Pcf and therefore transcription from P, into the late genes. The first two of these late genes, ORF8 and ORF9,
appear to encode the small and large subunits of a terminase.

wg/ul. All solutions were treated with 0.1% diethylpyrocarbon-
ate.

RNA samples were treated with DNase (Promega, Madison,
Wis.) in 0.4 M Tris-Cl (pH 8.0)-60 mM MgCl, for 1 h at 37°C,
extracted with phenol-chloroform, and ethanol precipitated.

Unidirectional deletions. Unidirectional deletions were pre-
pared by using an Erase-a-Base kit (Promega). Plasmid DNA
(5 to 10 png) was digested with two restriction enzymes to give
a protected end with a 3’ overhang and an end with a 5’
overhang from which exonuclease III can delete. Digestions
were extracted with phenol-chloroform and ethanol precipi-
tated. DNA was resuspended in 62 pl of 1X exonuclease III

buffer (66 mM Tris-Cl [pH 8.0], 0.66 mM MgCl,) and heated
to 30°C; 300 U of exonuclease III was added, and 2.5-pl
aliquots were removed at 30-s intervals into 7.5 pl of SI mix
(172 pl of water, 27 pl of 7.4X SI buffer [0.3 M potassium
acetate {pH 4.6}; 2.5 M NaCl, 10 mM ZnSO,, 50% glycerol],
60 U of S1 nuclease). Reactions were left at 20°C for 30 min,
stopped by addition of 1 pl of SI stop (0.3 M Tris, 100 mM
EDTA), and ethanol precipitated. Deletions were treated with
Klenow enzyme and religated as previously described.
Radioactive labelling of DNA. Oligonucleotides were end
labelled by using T4 polynucleotide kinase enzyme and 10
pmol of oligonucleotide in 600 mM Tris-Cl (pH 9.5)-100 mM
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TABLE 1. Bacterial strains and plasmids used

Plasmid or . Reference
strain Description or source
Plasmid
pHV1435h  EMBL3 X clone C, overlapping 40
early region of PBSX, cloned into
Sall of pHV1435
pWD38 Ap" Cm" fragment 38 fused to pro- 40
moterless amyL
pEB113 Kn" Ap* 25
pDG268 Ap" Cm', promoterless lacZ 3
E. coli TGI K-12 A(lac-pro) supE thi hsdR F’ Amersham
traD36 proAB lacl lacZ AM15
B. subtilis
1A420 ilvAI metBS xhi-1479 purA16 xki- 6
1479
RB1081 pro(AB) pyrX APBSX 7

MgCl,-1 mM EDTA-10 mM spermidine-50 mM dithiothrei-
tol with [y-*?P]dATP (3,000 Ci mmol™?). Reactions were
carried out at 37°C for 60 min, and T4 polynucleotide kinase
was denatured at 65°C for 10 min.

Primer extension. Primer extension analysis was done as
described by O’Reilly et al. (28). Twenty picomoles of primer
was labelled as described above with T4 polynucleotide kinase
in 10 pl. Two microliters of labelled primer was annealed to 30
wg of total RNA in 1X hybridization buffer (0.1 M KCl, 0.05 M
Tris-Cl [pH 8.3]) in a final volume of 10 pl. Annealing was
carried out at 90°C for 1 min, at 60°C for 2 min, and on ice for
15 min. Seven microliters of the annealing mix was added to 2
wl of 5X reverse transcriptase buffer (250 mM Tris-Cl [pH 8.3],
200 mM KCl, 36 mM magnesium acetate, 1 mM each de-
oxynucleoside triphosphate [dNTP], 2 U of RNasin [an RNase
inhibitor from Promega] per ml) and 1 pl (2 U) of avian
myeloblastosis virus reverse transcriptase (Promega). Reaction
mixtures were incubated at 50°C for 1 h. DNA was precipitated
with ethanol, resuspended in sequencing loading dye (U.S.
Biochemical [Cleveland, Ohio] sequencing kit), boiled for 1
min, and loaded onto a 6% acrylamide gel (running in 1X Tris
borate buffer), in parallel with sequencing reactions.

DNA sequencing. The sequence of nucleotides was deter-
mined by the dideoxy-chain termination method essentially as
described by Sanger et al. (31). Double-stranded DNA was
isolated from 10 ml of boiling preparations and treated with 2
U of RNase at 50°C for 15 min. DNA was denatured in 0.2 M
NaOH-2 mM EDTA and spin dialyzed. For larger plasmids
(>15 kb), denatured DNA was neutralized with 0.2 M ammo-
nium acetate (pH 4.8) and ethanol precipitated. Sequencing
reactions were carried out with a U.S. Biochemical Sequenase
sequencing kit on 5 pug of DNA, with [3S]dATP from Amer-
sham (Amersham, England). Universal primers (M13/pUC)
were obtained from Boehringer (Mannheim, Germany), while
further oligonucleotides were synthesized on a Beckman Sys-
tem 200 DNA synthesizer.

Reaction mixtures were separated on 6 to 8% acrylamide
gels in 1X Tris borate buffer (as described by Sambrook et al.
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[30]). Gels were dried under vacuum and exposed to X-ray film
at room temperature.

Sequence analysis. All sequences were analyzed by using the
services of the Irish National Centre for Bioinformatics. Se-
quences from deletion points were entered into the Staden
package (34) and aligned (by at least 20-bp overlap between
each point) to give the consensus sequence. The sequence was
analyzed with the PCGENE package (release 6.5). Similarity
searches were performed at the National Center for Biotech-
nology Information (Bethesda, Md.), using the BLAST net-
work (2). Multiple alignments were performed with the
CLUSTAL program (18).

Nucleotide sequence accession number. The nucleotide se-
quence accession number of the sequence reported is Z34287.

RESULTS

Sequence analysis of the control region of PBSX. Earlier
studies have shown that the PBSX repressor gene xre is located
on restriction fragment x1, and our evidence suggests that the
late promoter may be positioned on restriction fragment 38
(40, 41) (Fig. 1). A restriction map of the 5.2-kb region
between the repressor gene xre and fragment 38 was generated
(Fig. 1b). This region was found to contain a 1.0-kb EcoRI
fragment, 316, which had been suggested to lie in the early
region of PBSX (40). The DNA sequences of fragments x2,
316, x3, and 38 were determined and are shown together with
the previously determined sequence of x1 (Fig. 2).

The 5,245-bp sequence was searched for ORFs of greater
than 200 bp in length. Ten ORFs, ranging in size from 243 to
831 bp, were identified (Fig. 1 and 2). With the exception of
ORF4, all ORFs had potential AUG or GUG start codons
preceded by apparent Shine-Dalgarno sequences (16, 23).
These ORFs were translated and each used to search the
NBRE/PIR protein (release 37.0) and GenBank (release 78.0)
translated databases. ORF1 and ORF9 are incomplete. ORF2
was previously identified as the PBSX repressor gene xre (41).
ORF4, ORF6, and ORF10 showed no significant similarity to
any known proteins in the databases searched.

ORFS3 shows a putative HTH motif between residues 58 to
80, as determined by the method of Dodd and Egan (12),
suggesting that ORF3 may be a DNA-binding protein.

ORFS5 encodes a potential protein of 30.5 kDa and shows
limited similarity to a number of NTP-binding proteins. Exam-
ination of the sequence revealed the presence of two short
blocks of residues which are characteristic of NTP-binding
proteins (11) (Fig. 3). Weak similarity was also found between
the N-terminal region of ORF5 and the A N protein. Closer
analysis of the region led to the identification of a putative
arginine-rich subdomain which is conserved in many RNA-
binding proteins (Fig. 3) (20). This motif has been identified in
the N-like gene products of the lambdoid phages and is
essential for interaction of these antiterminators with their
respective nut sites.

ORF7 showed similarity to 10 RNA polymerase sigma
factors or putative sigma factors. These included o®, o, and
o of B. subtilis (4, 13, 42), 0>° and o?® of Bacillus thuringiensis
(1), WhiG and RpoX of Streptomyces coelicolor (8, 19), RpoX

FIG. 2. Nucleotide sequence of 5,245 bp of the early and middle regions of PBSX. The deduced amino acid sequences of putative ORFs larger
than 200 bp are shown above the DNA sequence. The first 1,200 bp was previously reported by Wood et al. (41). Proposed ribosome binding sites
for these ORFs are underlined. Inverted repeats identified are indicated as arrows above the sequence, and direct repeats are indicated as double
lines. The previously identified operator sites (O1 to O4) are indicated. T, indicates an inverted repeat structure which could form a stem-loop

structure important for transcription termination.
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GAATTCCTGAAGCTCTCTGAAGAGCTTGTTCATCTGAAAATGATTGCCTGCATGCTTTAACACGTGGCACAGCTCATGGCCAAAATCCTC 90
F EQ LEURT FIULI KNMOQTFUHNGAHIZ KT LVHCTLEUHSGT FDE

CCATTGCTCTTCCCGTGACTTTTTTTGGTTCAATACGATACTGTACATGCCGTCGTATTTCACCATCATGCTCCCCATATCCTCAAAATG 180
W Q E E R S K K QVNUL VI S YMGDYK VM < ORF1l

CACCCAAATATCCAGATCCTTTGCGATTTTCAGCATGTCAATGTGATGAGGGGATGTGATGCCCAGCCGGCCGTATAAATTTTTAACGTA 270

TTCCTCCAGATGTGATAAGTAATCGCCCAATTGAATACTCCCTTTCGAACGTTTGTTCTGTTTTTAGCGAGAAAGAAAAGCCCGTATAGG 360

ACTGGAAGGTAGTGTAGAAATCTTTCCCTTTTCTTTAAAAAATAAACACTTTTTTCTTTATATCGGTCTACTTTTTATATGTTTTAGAGA 450

ACAGAGAACGATTTATTTATTTTTCGGTTTGCGGTTTTTCTCTTTTTCTTTTAAATAGTTGATAAATTCGATGGCCTGCTGTTTGCTTTC 540
* K N K P K RN KEI KEIKIULYNTIU FETIWA AU QU QI K S E

TGGGGAAAAATCCTGCATATCGCGGTATGCAAGCTGCAGGTCCGGATCTGAGAACATATCGTCATCGGATTTTTTGTCTTTCCCCGTTAA 630
P S F DQMDU RYALOQLDU®PUDST FMDUDUD S K KD KGTL

TAAGTAATCAGTCGTTACTTGAAAGTAATCAGCCAGCTTTTGGAGTGTGTCGTAATCGGGTTCGCTTCGCCCGTTTTCATAGTGGGAATA 720
L' YDTTVQVF Y DAULI KO OQLTWDYDU®PE S RGNE Y H S Y

TCGTGCCCGTGACACACCGATGTGTGATGCGATTTCTTCCTGTGTCCTTTTCCCTCTGAGACTCTTCAATCTGCCGCCTATCATACTATG 810
R AR SV G I HS AIEEUO QTR RI KGR RTILSI KULIRGG G I M< ORF2

———> 04 <--m- —ee=> 03 <----
ACCTCTCTTTTTTAAACTCCCTACGTTACTTATGATTATAGATACAAAATGTATCAAAATAAAGTTATGATARAARAAGTATCARARATA 900

-—==> 02 <---- -===> 01 <---- ORF10> M Y P
ACTTGATGATACAGAATGTATCGTTTATACTTGGTAACATCCGATACAAAATGTATCAAAAAAGATCAGGAGAGTGATCACATGTATCCG 990

I Q I VF S ENUP IDOQRHLGOQS G G T I S F TA AT CGL P
ATCCAAATCGTTTTTAGTGAAAATCCCATAGATCAGCGCCATCTCGGACAATCCGGCGGCACCATTTCGTTTACCGCATGCGGCCTTCCG 1080

ORF3>M K N D K S Y P
V F H F ETOQEOQFQAYMMTULIKTGEA AAYNEIKR *
GTGTTTCACTTTGAAACGCAGGAACAGTTTCAAGCATACATGATGT TAAAAGGAGAAGCGGCGTACAATGAAAAACGATAAAAGCTATCC 1170

F P TY S GVLULNSEUHYDI KTIGUPATLWTLU FIULMWUFTIS ST
TTTTCCGACGTATTCAGGGTTGTTGAATTCAGAACATTATGACAAAATTGGCCCGGCGTTATGGCTGTTTCTCTGGTTTATCAGCTCAAC 1260

T K E I E KD G V s WG I VL GHIKUPULI KA ARIEWMMAAUVTF G
AACAAAAGAAATCGAAAAAGACGGCGTAAGCTGGGGCATCGTACTCGGCCATAAGCCGTTAAAAGCGAGAGAAATGGCGGCAGTCTTCGG 1350

Vs E K TV RRWULEULULENU HDYTIIKAVRAPYG L MI
CGTAAGTGAAAAAACCGTCAGAAGATGGCTGGAGCTTCTCGAAAACCATGATTACATAAAGGCCGTCCGTGCGCCATACGGACTGATGAT 1440

S V X. H S K K F s F RS DNTUVHG S5 L KEIRUPUF S P QT P
TTCGGTCAAGCATTCAAAAAAATTCAGCTTCAGATCGGACAATACTGTACACGGGAGTCTAAAAGAACGGCCATTTTCGCCGCAGACACC 1530

ORF4> M M 0 W I T L R S G L H N
DT NDIRTDTIWDI KTNWNI KYTA AA ATDUDA AUVDUHTIA AIZ KT RTFTQ
GGACACAAACGACCGTACAGATATAGATAAAACAAACAAATATACTGCTGCTGATGATGCAGTGGATCACATTGCGAAGCGGTTTACACA 1620

Y G R L K K DAUPOCTIULU®POQETITII KU?®PSPAULIULUPSATFL
L RS A QE G RTVY P S S RDY QATI ARTIUVATIGUV PV
ATTACGGTCGGCTCAAGAAGGACGCACCGTGTATCCTTCCTCAAGAGATTATCAAGCCATCGCCCGCATTGTTGCCATCGGCGTTCCTGT 1710

S R K Q s NG L K NAFRULUL KTGG P UL L KOQ S RULVF AT A
T Q T I K W L E ECVF QATFENU RIR RTA ASETTII KA ATFIRYC
CACGCAAACAATCAAATGGCTTGAAGAATGCTTTCAGGCTTTTGAAAACCGGCGGACCGCTTCTGAAACAATCAAGGCTTTTCGCTACTG 1800

R N s L K I D F S R S K P KR M P Q F S MR G *ORF5>M T K
S K F I EDRVF F A Q QA KK KN AATIOQUHEI RMMIEKIKUHDIKT
CTCGAAATTCATTGAAGATCGATTTTTCGCGCAGCAAGCCAAAAAGAATGCCGCAATTCAGCATGAGAGGATGAAAAAACATGACAAAAC 1890
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R T I E Q I L D ETLRIRGI RIRUPIULILATDIKU P AIE S DA SR Y D
N NR T D F GRAEI KW RETS I TGG QTG R I RRKOQV *
GAACAATCGAACAGATTTTGGACGAGCTGAGAAGAGGGAGACGTCCATTACTGGCGGACAAACCGGCCGAATCAGACGCAAGCAGGTATG 1980

c L RCKDOQGGY L VRQNGILEVWTMTCSCMATE R
ATTGCCTGCGCTGCAAGGATCAGGGAGGTTATCTCGTCAGGCAGAATGGCCTGGAAGTCTGGACGATGTGCAGCTGCATGGCAGAACGAA 2070

K vV KX R L L GA S EI THA ATFWI ROQULGT FI KETFIRTEGI KUP QA
AAGTGAAGCGGCTGCTGGGTGCAAGTGAGATTACCCACGCTTTCAGACAGCTCGGCTTCAAGGAATTCCGCACGGAGGGAAAGCCGCAGG 2160

I K DA F ECTIKEYVADYEOQTII KD DT CRI KNUSTIATLTL
CCATAAAAGACGCATTTGAGTGTACAAAAGAGTATGTTGCCGATTATGAACAAATCAAGGATTGCCGAAAAAACAGCATTGCCCTTTTAG 2250

G QPGS G K THULLTA AAANETLMRTTCY VP VI Y F P F
GACAGCCCGGATCAGGGAAAACACACCTTTTGACCGCCGCAGCCAACGAATTAATGAGAACATGCTATGTGCCTGTCATTTATTTTCCGT 2340

VEG FTDUL KNUDU FATULTULEA AI KT LNUIRMIEKOQADUV L F I
TCGTGGAAGGCTTTACTGATCTGAAAAATGATTTTGCCCTATTAGAAGCGAAGCTGAACCGGATGAAGCAGGCGGATGTGCTGTTCATTG 2430

D DL F KPVNGIKUPRATUDWAOQULEI QMYS VL NZYRYLN
ATGATCTGTTTAAACCGGTTAACGGCAAACCCCGCGCTACAGATTGGCAATTAGAGCAAATGTATTCGGTACTCAACTATCGCTACTTAA 2520

H K P I L L S S E L TTIESGULVRVDEW ATLGTRTIYEM
ATCATAAACCGATTTTGCTTTCGAGCGAGCTGACAATTGAAGGACTTGTACGGGTCGATGAAGCGCTCGGCACGAGAATCTATGAGATGT 2610

¢c s bDY L VI IKGAAYETLNHIRILETGV R *
GCAGTGACTATTTAGTGATTATCAAAGGAGCAGCCTACGAGCTTAACCATAGATTGGAGGGCGTCAGATAATGTGTAAGCTTTGTCAAAC 2700

AAAGAAAGTCATTGTGGAACATACCGGTATTGGAGTTGTTTTTCATCCATGTCCGAACTGCCGGTCCGCGACTGACTTAACGCCTGTCAT 2790
TCAAAAGCTGGAGCAAATGCTGACAGCGGGAAAAGCGAGGCTGAATATCTATGATTAAACAGCTGACTGCTCTAATCGCTTTGCTGTTTC 2880

ORF6> V K V L A K T K Q A E K s
GGGCAAAGCGAACAGAAAAAAACATTGAACAATGGTATAAGGACGACGGGAAGTGAAAGTGTTGGCAAAGACAAAACAGGCAGAGAAAAG 2970

P A PWURAVUPCGDT I KU®PTIYI Y S A Y S5 EVZETEI KETRTFP
CCCTGCGCCGTGGCGTGCTGTCCCGTGCGGGGATACGAAACCGATCTATATTTAT TCAGCTTACAGTGAAGAAGAAAAAGAAAGATTTCC 3060

Y S NGR L I A AV FDILS S Y S Q K S NASULMAMA AA AUPE
GTACTCAAACGGGCGGCTGATTGCAGCTGTATTTGACCTCAGCTCTTATTCGCAAAAAAGCAATGCCTCTTTGATGGCCGCTGCGCCTGA 3150

L L EA S KAAUV DV FULI KGNS TIHSKEI RTITIOQTILTULE KA
ATTGCTGGAAGCGTCTAAAGCAGCAGTTGATTTTCTGAAAGGGAATTCTATTCATTCAAAGGAGCGTATCATTCAGCTATTAGAAAAAGC 3240

E A S A AP KR GG N K T * ===
TGAAGCAAGCGCTGCACCGAAAAGGGGAGGAAATAAAACATGATTCATCCGAAAAAACTGCTGCATATCGATTCCGTCACGCTTAAGAGC 3330

—_—>——— m=a===== ======== m=======

CAGCTGGAGGACGGGAAAATCCGTCATTATTGTGGACGGCATCAAGCAAGAAGCATGGATCACAGAAGCGCCAGAGCATGGAAAAACGCT 3420
CGTCGAAACAAGAAAGGGCGATCTTGCTCGTGTGGAATTTGAAATCGGCTACAAATTAAATTAAAGCGAAAACAGAATACGTCCAAGACG 3510

---------------------- STy <m—--mmmmmmmmmomoooo- ORF7> M
GAAAGCCTGCGGACACTGATCAACTGCACAGCATTTGTGCGTTGATTGGTGTCCGTTTTTTATTTGCCAAAAATGAGGAGGATCATAGAR 3600

Q b L L F E Y KRTULIKOQT RTIOGQYKU?PULAIEA ADE S V L
TGCAAGACTTACTATTTGAATATAAACGCACGCTCAAACAAACAAGAATACAATATAAACCGCTCGCTGAGGCAGATGAATCCGTGCTCT 3690

S A E E L KD KK I I RNWMTITUDTULEYV TEWTLTEIKGT R QP
CAGCTGAAGAGCTGAAGGATAAAAAAATCATCAGAAATATGATTACTGATCTTGAATATGTAACAGAATGGCTTGAAAAAGGAAGGCAGC 3780

G I R R A I DRI RDV Y QRLMTIIKUDU®P RTITIE S F S s A
CCGGCATCAGACGGGCGATTGACCGGCGTGATGTTTACCAGCGGCTGATGATCAAGGACCCGAGAATCATCGAATCATTTTCCAGCGCTA 3870

FIG. 2—Continued.
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TGATGTTTGAGCCGGACGGACAGGTATCAGAAGAAGACAGAGATAGAATTCGAGAAGCATTAGCCCTGTTAACGGACAGAGAAAAGGAAA 3960
F L L H KV ECV F S Y ERTIA ADIULILSGVIKI KSTUVQTTTI
TGTTTTTGCTGCATAAGGTAGAATGTTTTTCTTATGAACGGATCGCCGATCTTCTCGGCGTAAAAAAATCGACAGTGCAAACGACGATTA 4050
K R A S L KMOQROQQETEMNZR RSTLA*
AACGGGCGAGTTTAAAGATGCAAAGACAGCAGGAAGAAATGAATCGATCACTTGCCTGAAAGCTTGTCATACGTTTGCCACCTATAAGTG 4140
_________ > <.___.__-___
------ dEmmmm—— ORF8> M K
AATAGAGCATGACACTAAGCGGCTGGCTGATCAGCCGCTTTTATGAATAAACAACCATGCTGGAGGTGGCGGTGATGCAGTAGCATGAAA 4230
T Q Q REQAULATIYOQOQHOGI KTITNU RATIADTTIGV S
ACACAACAGCGCGAACAAGCATTAGCAATCTATCAACAACATCAAGGAAAGATCACAAATCGGGCGATTGCGGACACAATCGGTGTTTCC 4320
A K T I G I W K K QDI KW KUEA ATLTF S A S KNEOQIK QR P I
GCGAAAACAATCGGCATCTGGAAAAAACAAGACAAATGGAAAGAGGCGCTGTTTTCTGCGTCCAAAAACGAACAAAAACAGCGCCCTATA 4410
N ND E L NEROQURULTFTCULY YV K SV FNA ATUOQSATIIKASG
AACAACGATGAATTAAATGAACGCCAGCGGCTGTTTTGCCTGTATTACGTCAAAAGCTTCAATGCCACACAGTCAGCAATCAAAGCGGGC 4500
Y S P DS AHUVTGSRULUL KNZEI KV AAETIIRI RTIIKIKIEWM
TATTCTCCGGACAGCGCTCATGTGACGGGCAGCCGACTCTTAAAAAACGAAAAGGTCGCTGCTGAAATTAGACGCATTAAAAAAGAAATG 4590
V NEMTFIEAMUDUVILQVY I KTIAFA ADTITUDYVTTF G
GTCAATGAAATGTTTATTGAAGCGATGGATGTGCTGCAGGTTTATATCAAGATCGCGTTTGCGGATATTACGGACTATGTGACCTTTGGA 4680
K K EV Q AV G K S G?P LU FDETDT DN NZPTIMZEKTETISTV FVDUV
AAAAAAGAGGTCCAGGCTGTCGGGAAATCGGGTCCGCTGTTTGATGAAGATGATAATCCGATTATGAAGGAAATCAGCTTTGTCGATGTC 4770
K DS G L vD GTTIUVTEA AI KILSGI KEA ATLU®PS S S L Q I K *
AAAGACTCCGGGCTCGTTGATGGCACCATTGTAACGGAAGCAAAGCTTGGGAAAGAGGCATTGCCATCAAGCTTGCAGATAAAATGAAGG 4860
> < - ====== ======
CGCTTGAGAAGCTATCCTTATATTTTGATTTGTTTCCAGATCAATTTAAACAAAAAATTGAAAATGAGAAATTGAAGCTTGCCAAACAAA 4950
====== ORF9> M I V K E I N P
AAGCGGAGAAAACAGATGACAGCCAGGAGCCGATTGAAATTATGATCAAACGAAAAGAGCGCAAGTCATGATTGTAAAAGAAATCAACCC 5040
H F ED YV FNWEOQTYQFUL VG G Y G S S K S Y HTAL
TCATTTCGAAGATTACGTGTTCAATTGGGAGCAGACGTACCAGTTTCTTGTCGGCGGCTACGGCTCATCCAAAAGCTATCATACCGCATT 5130
K I v L KL L K E KU RTAULUVIREUVFDTUHIRUDSTTF AL
GAAAATCGTGCTAAAGCTGCTGAAGGAAAAACGGACGGCCCTTGTGATCCGGGAGGTGTTCGATACCCATCGGGATTCGACCTTCGCCTT 5220
F 0 E V I E E L
GTTTCAAGAGGTGATCGAAGAGCTC 5245

FIG. 2—Continued.
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of Streptomyces aureofaciens (19), WhiG of Streptoverticillium
griseocarneum (33), oF of Pseudomonas aeruginosa (35), and
o of Clostridium acetobutylicum (32).

Multiple alignments of known sigma factors have revealed
regions and subregions of high conservation (15, 17, 22).
Region 4.2 usually has an HTH DNA-binding motif which
interacts with the —35 region of the promoter. A sequence
which gave a score of 4.0 on the Dodd and Egan weight matrix

test for HTH motifs was identified in ORF7 between residues
130 and 152. The likelihood of this region forming an HTH is
high (12). This HTH motif is preceded by a short stretch of
amino acids which are conserved across sigma factors in region
4.1 (Fig. 4).

ORF8 encodes a potential protein of 23.6 kDa and is 30%
identical to the small subunit of terminase (gpl) from phage
SPP1 of B. subtilis and to an ORF downstream of the rind gene
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A B
NTP binding motif ~ G/AXXXXGKT/S  40-100 XXXXXD
(3 hydrophobic)
Coronavirus
B3 GSPGAGKS 35 VVIMDD
ORFS GQPGSGKT 48 DVLFID
AN qTRRRERRaEK
HIV Tat RkKRRgRRRap
Bacillus L14 RTKRguRRpDg
E. coli S6 KDeRRERRDD f
Consensus BOBRBJRRRZB
ORF5 dE1RRgRRpll

FIG. 3. Putative motifs identified in ORFS. HIV, human immuno-
deficiency virus. Notation for the consensus sequence: B, basic, O,
nonbasic; R, arginine; J, acidic; Z, charged amino acid.

in ¢11 of Staphylococcus aureus (37, 43). A putative HTH
motif was identified in ORFS8 (residues 21 to 41), scoring 4.48
according to Dodd and Egan (12). The gp1 protein also has an
HTH motif at the equivalent position. In addition, a putative
ATP-binding motif (motif A, AXXXXGPL; residues 159 to
166) and a nucleotide-binding pocket (motif B, DE; residues
66 and 67) were identified in ORFS; these are also present in
gpl. These motifs were also identified in the incomplete ORF
downstream from the rin4 gene in $11 of S. aureus (43). We
propose that ORF8 also encodes a terminase subunit. The
gene organization of the terminase subunits is highly conserved
in SPP1 and in several E. coli bacteriophages (5, 37). In these
phage systems, the terminase enzyme, consisting of a small and
a large subunit, recognizes a pac site which is located within the
small subunit gene and is flanked by repeated elements. No
putative pac site was identified in this region. ORF9, which is
incomplete, is 43% identical to the amino-terminal region of
the large subunit (gp2) of the terminase from SPP1.
Transcription from fragment 38 is under positive control. A
Campbell-type integration mediated by fragment 38 is non-
mutagenic; it was hypothesized that this fragment contains a
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TABLE 2. B-Galactosidase activities of integrant strains tested
for positive control from fragment 38

B-Galactosidase activity”
B. subtilis strain

—Mitomycin +Mitomycin
1A420::38-lacZ (wild type) - +
RB1081::38-lacZ (deletion) - -
RB1081::38-lacZ/pEB112 - ND
RB1081::38-lacZ/pEB112-x4 + ND

@ Screening of activity on colonies growing on medium containing X-Gal. ND,
not determined.

promoter for the late genes (40). To test this hypothesis,
fragment 38 (a 1.3-kb EcoRI-Sacl fragment) was cloned im-
mediately upstream of a reporter gene, lacZ, in pDG268. This
construct was integrated via a double-crossover event at the
amyE locus on the chromosome of B. subtilis RB1081 (7), a
strain which is deleted for the PBSX prophage, creating B.
subtilis RB1081::38-lacZ. Hybridization analysis of B. subtilis
RB1081 showed that the region deleted for PBSX includes all
the sequences cloned by Wood et al. (40), including the xre
gene and the genes of the late operon (data not shown). B.
subtilis RB1081::38-lacZ did not show B-galactosidase activity,
indicating either that fragment 38 does not have a promoter or
that the promoter requires a PBSX function in trans (Table 2).
To distinguish between these two possibilities, the same con-
struct was integrated at the amyE locus in a PBSX™ strain, B.
subtilis 1A420. In B. subtilis 1A420::38-lacZ, expression of
B-galactosidase was observed only after the addition of mito-
mycin, which induces PBSX. These results suggest that there is
a promoter on fragment 38 which is regulated by a positive
control factor, Pcf, synthesized after treatment with mitomycin
and presumably encoded by PBSX.

Identification of the pcf gene. An experiment was designed
to isolate the gene encoding the positive control factor (Pcf).
This was based on the proposition that the pcf gene should
work in trans and confer B-galactosidase activity on the PBSX™
strain B. subtilis RB1081::38-lacZ. pHV1435h contains 15 kb of
DNA spanning the middle region of PBSX. This DNA was
digested with HindIII, and fragments were ligated into the
HindIII site downstream from the weak tac promoter in the E.
coli-B. subtilis shuttle vector pEB112 (21). Ligation mixtures
were introduced into B. subtilis RB1081::38-lacZ, selecting for
kanamycin resistance and screening for B-galactosidase activ-

BS SigB 199 LQSVLHVLSDREKQI IDLTY----IQNKSQKE TGDILGISQMHVSRLQRKAVKKL 248
BS SigF 197 LKEAISDLEEREKLIVYLRY---—-YKDQTQSE VAERLGISQVQVSRLEKKILKQI 245
BS SigkK 149 VKQYIDILDDREKEV IVGRFGLDLKKEK TQRE IAKELGISRSYVSRI EKRALMKM 202
BT Sig35 150 LMKALHQLNDREKQIMELRF GLAGGEEK TQKD VADMLGISQSYISRLEKRIIKRL 204
BT Sig28 149 IKEYIDILDEREKEV IVKRFGLGLDKEK TQRE IAKALGISRSYVSRI EKRALMKM 203
SC WhiG 221 LARAINTLPEREKIVVILYY----YEGLTLAE IGNVLGVTESRV SQIHTK SV LQL 270
SC RpoX 229 VRHLLVQLPEREQRILLLRY----YSNLTQSQISAELGVSQMHV SRLLARS FQRL 279
PA SigF 187 LADAIAKLPERERLVLALYY----DEELNLKEIGEVLGVSESRVSQLHS QCAARL 237
CA SigG 180 IKEAMKKLSDREKMI LNMRF----FDGR TQME VADEIGI SQAQV SRLEKTA L KHM 230
ORF7 108 -REALALLTDREKEM----FLLHKVECFSYERIADLLGVKKSTVQTTIKRASLKM 157
* Kk *
4.1 4.2
H T H

FIG. 4. Multiple alignment of the deduced amino acid sequence for ORF7 (Pcf) and the sigma factors B. subtilis (BS) SigB, SigF, and Sigk
(SpollC), B. thuringiensis (BT) Sig35 and Sig28, Streptomyces coelicolor (SC) WhiG and RpoX, P. aeruginosa (PA) SigF, and C. acetobutylicum (CA)
SigG. The alignment was produced by using CLUSTAL (18). Asterisks underlie residues conserved in all proteins, and dots underlie conserved
residues. The position of conserved regions 4.1 and 4.2 (including the HTH motif) are indicated below the sequence, and residues in boldface have
previously been identified in multiple alignments of sigma factors (22).
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N S

H EC B BEAHHpHP

s B-galactosidase
1 L1l 1 1811 11 1
9

activity

—) -

— —>
ORF6 ORF7 ORF8 ORF!

H AH

8bp

H B B C
e /] /3 -

FIG. 5. Identification of a positive control factor (Pcf) required for
transcription from the PBSX late promoter (P ). The restriction map
of the fragment x4/38 region of PBSX and the identified ORFs in this
region are shown. The DNA fragments, a to e, were cloned into the E.
coli-B. subtilis shuttle vector pEB112 (21) and transformed into B.
subtilis RB1081::38-lacZ. Transformants were screened for 3-galacto-
sidase activity as described in Materials and Methods. B-galactosidase
activity was observed in the presence of fragment x4 in trans (a),
suggesting that either or both ORF6 and ORF7 were required for
transcription from fragment 38. Fragments b and ¢ were subsequently
subcloned and when tested indicated that ORF7 was required only for
positive control. An insertion of 8 bp into a unique Hpal (HP) site in
fragment x4 disrupts ORF7 (d). The deletion of a Bcll (B) fragment,
including the 5’ end of ORF7 (e) also disrupted positive control. Other
restriction sites: H, HindIIl; E, EcoRI; C, Clal; B, Bcll; A, Hpal; P,
Pstl; S, Sacl.

ity. Three transformants, each of which grew poorly, were
isolated, and the colonies were sectored. When the colonies
were restreaked onto indicator plates (as described above)
they segregated white colonies. Each of the three clones had
recombinant plasmids containing a 1.5-kb HindIII fragment
insert called x4. The result suggested that fragment x4 carries
the gene pcf for the positive control factor. Southern analysis
showed that fragment x4 overlaps both fragments 316 and 38,
as indicated in Fig. 1 (results not shown).

Mutational analysis of x4. Fragment x4 includes ORF6 and
ORF7. Cleavage of x4 with Clal produces two fragments, one
carrying ORF6 and the other carrying ORF7 (Fig. 5). Each was
subcloned into the Smal site of pEB112, downstream from the
weak tac promoter and in the correct orientation for expres-
sion (results not shown). Subsequent plasmids were trans-
formed into B. subtilis RB1081::38-lacZ. Plasmids containing
OREF6 alone did not confer B-galactosidase activity, but those
containing ORF7 did (Fig. 5b and c). The predicted sizes of
proteins encoded by ORF6 and ORF7 are 12.6 and 20.1 kDa,
respectively. Both of these fragments were cloned into E. coli
expression vectors and were found to encode proteins of the
predicted sizes (results not shown).

ORF7 was mutagenized in two different ways to verify that it
encoded the Pcf activity. First, pUC19/x4 was linearized with
Hpal and religated in the presence of an 8-bp Xbal phosphor-
ylated linker (CTCTAGAG:; Pharmacia). This construct (Fig.
5d) causes a frameshift mutation in the 3’ end of ORF7, which
should lead to premature termination 17 amino acids down-
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H EC B BEAHHpH P s Bg‘:ﬁf:,‘,’f)', ase
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ORF6  ORF7 = ORF8 &%
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f = +
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FIG. 6. Identification of promoter activity in fragment 38. The
restriction map of the fragment x4/38 region of PBSX and the
identified ORFs in this region are shown. To narrow down the late
promoter (P, ) region in fragment 38, the two fragments shown (f and
g) were subcloned into pDG268 and integrated via a double-crossover
event into the a-amylase gene of B. subtilis RB1081. Integrant strains
were tested for B-galactosidase activity in the presence of fragment x4
in trans. Results are shown in the right-hand column and indicated that
P, is within a 358-bp HindIII fragment (f). Restriction sites are as
defined in the legend to Fig. 5.

stream from the insertion. The HindIIl insert carrying the
mutagenized ORF7 was subcloned into the HindIIl site of
pEB112 and used to transform B. subtilis RB1081::38-lacZ. 1t
did not confer B-galactosidase activity.

A second mutation was made in ORF7. pUC19/x4 was
digested with Bcll to release a unique 300-bp fragment which
overlaps the start of ORF7 (Fig. 4e). The vector was religated,
and the HindIII insert was recloned into pEB112 and used to
transform B. subtilis RB1081::38-lacZ. This ORF7 deletion
mutant did not confer 3-galactosidase activity. It is concluded
that ORF7 encodes the PBSX positive control factor Pcf.

Localization of a late promoter in fragment 38. As shown
above, fragment 38 contains a promoter which can be activated
in the presence of Pcf. A number of constructs were prepared
in order to map the late promoter P, more precisely.

pDG268/38 was completely digested with EcoRI and par-
tially digested with PstI to remove the 5’ 800 bp of fragment 38.
Staggered ends were removed with T4 DNA polymerase, and
the vector was religated, leaving fragment g upstream of the
promoterless lacZ gene (Fig. 6). pDG268/g was integrated via
a double-crossover event as described before into B. subtilis
RB1081. No pB-galactosidase activity was observed in the
presence or absence of the positive factor in trans.

Fragment f (a 360-bp HindIll fragment; Fig. 6) was sub-
cloned into the HindIlII site of pDG268, again upstream of the
promoterless lacZ gene and integrated into B. subtilis RB1081.
Promoter activity was observed from this fragment only when
the positive factor was present (Fig. 6).

These results suggested that the promoter in fragment 38 is
located within the 360-bp HindIII fragment f. This fragment is
directly downstream from the pcf gene.

The promoter was located more precisely by using primer
extension analysis. Two hundred-microliter aliquots of compe-
tent cells of B. subtilis RB1081::38.f-lacZ were transformed
with pEB112 and pEB112/x4; 100 pl was plated onto 5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) plates. A
second aliquot was added to 30 ml of LB broth. After 20 h of
growth at 37°C, blue colonies were evident on X-Gal plates
only in the case of pEB112/x4 transformants. RNA was iso-
lated from 30 ml of the parallel cultures. Aliquots of these
cultures were also tested on indicator plates for activity; those
transformed with pEB112/x4 showed B-galactosidase activity.

A 20-base oligonucleotide (CAATCGCCCGATTTGTGA
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ATGC 1

B (4178)
-50 -40 -30 -20 -10 +1

I N Y R g

ORF7..GCCACCTATAAGTGAATAGAGCATGACACTAAGCGGCTGGCTGATCAGCCGCTTT. .ORF8

<

[ O ——

FIG. 7. (A) Mapping of the 5’ end of the PBSX late operon mRNA
by primer extension analysis. The 3P radioactively labelled oligonu-
cleotide centered at position 4290 in Fig. 2 was hybridized to 30 pg of
total RNA isolated from B. subtilis RB1081::38.f-lacZ transformed
with pEB112/x4. Promoter activity had previously been localized to
fragment f, as shown in Fig. 5. The primer extension reaction was
analyzed on a 6% sequencing gel, in parallel to a sequencing reaction
with the same oligonucleotide as the primer. Lanes A, T, G, and C
indicate the sequencing reaction on fragment f. Lane 1 indicates the
primer extension reaction. An arrow indicates the base representing
the transcription start point, which is observed only in the presence of
pcf. (B) Sequence of the complementary strand. The start point of
transcription is indicated as +1, at position 4178 (see Fig. 2). Arrows
below the sequence indicate inverted repeats previously identified.

TC) centered at position 4290 in Fig. 2 was used for primer
extension on total RNA. Extensions were carried out at 50°C.
The results are presented in Fig. 7. The apparent start site of
transcription shown was mapped to position 4178 (with respect
to Fig. 2) and was observed only in the presence of fragment x4
(controls not shown). This site lies between pcf and ORFS, 68
bp downstream of pcf.

DISCUSSION

A 5.2-kb region of PBSX DNA contains eight complete
ORFs greater than 200 bp, including the previously identified
repressor gene xre (41). One of these, ORF4, is contained
within ORF3 and is not preceded by a ribosome binding site;
it seems unlikely to encode a protein.

Six of the ORFs are in the same orientation. Only xre
(ORF2), which is located at the extreme left-hand end of the
region, is oriented in the opposite direction. Wood et al. (41)
suggested that xre regulates the transcription of all other PBSX
genes by binding to the putative operator sites which lie
upstream from ORF10; they also proposed that xre is auto-
regulated and that there is divergent transcription from the
region between xre and ORF10 from promoters recognized by
the major vegetative form of RNA polymerase (E°4). The
orientation of the other complete ORFs relative to xre, estab-
lished by our sequence analysis, supports this proposal.

The data in the accompanying report (24) show that xre does
indeed code for a protein which binds to the four operator sites
between xre and ORF10 as suggested by Wood et al. (41). At
low concentrations, it binds to two operator sites (O1 and O2)
near ORF10, blocking both putative rightward promoters; at
higher concentrations, it binds to O3 and O4 near xre, blocking
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both leftward putative promoters. These results strongly sug-
gest that Xre represses rightward transcription of ORF10 at
low concentrations and autoregulates transcription of xre at
higher concentrations.

We suggest that ORF10, ORF3, ORF5, ORF6, and ORF7
are expressed as a single transcriptional unit, the middle genes.
A Campbell-type insertion introduced by recombination in
fragment 316 (Fig. 1) is polar, blocking all late gene expression
(40). This implies that fragment 316 lies within a transcrip-
tional unit and that a gene downstream from fragment 316
(possibly ORF7 or pcf) is required for late gene expression.
Fragment 316 overlaps ORFS and ORF6 (Fig. 1); thus, ORFS,
ORF6, and ORF7 may belong to one transcriptional unit.

There is, however, a sequence (tentatively designated T,)
between ORF6 and ORF7 (pcf) which resembles a rho-
independent transcriptional terminator (39). The putative ter-
minator is 15 bp upstream of the ribosome binding site of
ORF7 (pcf). If termination occurs at T,, transcription of pcf
may require the action of an antiterminator. The protein
potentially encoded by ORF5 has some similarity to A N
protein and may thus encode such an antiterminator.

ORF7 encodes a positive control factor (Pcf) which is
essential for transcription from P, (Fig. 5). The sequence of
Pcf shows similarity to sequences of several known sigma
factors, including o and Uﬂ of B. subtilis and WhiG Strepto-
myces coelicolor. The homology is strong in regions 4.1 and 4.2,
which includes the segment of sigma factors which bind to the
—35 region of each of the promoters (Fig. 4). It seems likely
that Pcf directs the transcription of the late genes from P, by
acting as a sigma factor, but it remains puzzling that Pcf, at 20.1
kDa, is smaller than all known sigma factors.

Wood et al. (40) showed that integration directed by any
fragment between fragment 38, at the left end, and fragment
39, which is 19 kb to the right, is mutagenic with respect to
phibacin production. They proposed that the late genes were
expressed from a single promoter in fragment 38. The data in
Fig. 6 and 7 suggest that there is a promoter, P,, within the
left-hand end of 38 from which transcription starts at residue
4178. Integration directed by subfragment f is nonmutagenic
(results not shown). Integration using the right-hand end
subfragment g is mutagenic, implying that the end of an operon
does not lie within subfragment g. The results suggest strongly
that P, is the only promoter for the late genes.

The first two late genes transcribed from P, appear to be
ORF8 and the incomplete ORF9. The predicted amino acid
sequences of these ORFs show strong similarity to the se-
quences of the small and large subunits of the B. subtilis phage
SPP1 terminase, respectively (37). Phage SPP1, P22, and P1
terminases initiate packaging from specific pac sites, thereafter
cutting at sequences determined by a headful mechanism.
PBSX does not package its own DNA but instead packages an
apparently random array of bacterial DNA fragments of 13 kb
(25, 26). It is possible that the PBSX terminase initiates
packaging at an unidentified PBSX pac site in a manner similar
to that of phages SPP1, P22, and P1 (5) and proceeds to
package bacterial DNA in 13-kb fragments. If so, DNA
sequences close to the PBSX locus should be packaged before
those which are more distant. This prediction remains to be
tested.

In summary, it appears that expression of the late genes of
PBSX is regulated by a complex set of genes, including xre and
pcf, which are sequentially expressed in a controlled manner in
response to DNA damage. The repressor gene xre (24, 41) is
absolutely required for the maintenance of the lysogenic state.
If the Xre function in the temperature-sensitive mutant xhi-
1479 is eliminated at the nonpermissive temperature, or if cells
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are exposed to DNA-damaging agents like mitomycin, PBSX is
induced (6, 41) in a process which is dependent on the function
of recA (27). We suggest that after elimination of Xre, tran-
scription proceeds from two overlapping putative rightward
promoters into ORF10. Expression of ORF5 may be required
if transcription is to proceed into pcf. Expression of pcf, which
may encode a sigma factor, is required for transcription from
P, and thus late gene expression.

Expression of PBSX is suicidal for the host and for PBSX;
the host is lysed, and particles which cannot propagate PBSX
are released. The particles kill Bacillus strains which do not
carry PBSX. Closely related strains which are nonlysogenic for
PBSX, but which are competing for resources, are vulnerable
to killing by PBSX, thereby increasing the chances of survival
of PBSX lysogens in the same environment. It is interesting to
ask why are there so many genes involved in triggering
transcription from P;. It seems possible that this complex
system has evolved under selection for failsafe action. A series
of switches, interlocked through feedback mechanisms and
finely tuned to various physiological signals, would ensure that
expression of PBSX late genes, which leads inevitably to lysis,
would be initiated only as a last and suicidal response to DNA
damage. Those cells that commit suicide, however, produce a
factor that kills closely related but nonidentical cells while not
affecting siblings of PBSX producers that have not sustained
lethal damage.
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