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The superinfection exclusion gene (sieB) of Salnonella phage P22 was mapped with phage deletion mutants.
The DNA sequence in the region was reexamined in order to find an open reading frame consistent with the
deletion mapping. Several discrepancies with the previously published sequence were discovered. The revised
sequence revealed a single open reading frame of 242 codons with six likely translation initiation codons. On
the basis of deletion and amber mutant phenotypes, the second of these six sites was inferred to be the
translation initiation site of the sieB gene. The sieB gene encodes a polypeptide with 192 amino acid residues
with a calculated molecular weight of 22,442, which is in reasonable agreement with that estimated from
polyacrylamide gels. The transcription start site ofsieB was identified by the use of an RNase protection assay.
The sieB promoter thus identified was inactivated by a 2-base substitution in its -10 hexamer. The sieB gene
of coliphage A was also identified. The promoter for A sieB was identified by homology to that of P22 sieB.

Lambdoid prophages encode systems that prevent the
lytic growth of superinfecting phages. Thus, X and P22 are
unable to grow vegetatively in X or P22 lysogens, respec-
tively, because transcription from their major promoters (pL
and PR) is sensitive to repression by cI (in the case of X) or
c2 (in the case of P22) repressors present in the lysogen (for
reviews, see references 8 and 13). P22 encodes an antire-
pressor which is capable of inducing any resident lambdoid
phages by neutralizing the repressor already present in the
cell. A P22 prophage itself is not induced by this antirepres-
sor because it elaborates another repressor (Mnt) whose
function is to prevent transcription ofant (which encodes the
antirepressor) (for a review, see reference 25).
P22 and X also have mechanisms to prevent the growth of

superinfecting phages that are insensitive to repression.
Thus, the X rex genes prevent the growth of rII mutants of
phage T4 (1). P22 has at least two genes which prevent
superinfection by other phages: sieA (for superinfection
exclusion) interferes with the DNA injection process (21),
and al causes conversion of the 0 antigen of the Salmonella
host, thus preventing adsorption of some phages (reference
22 and references therein). Both X and P22 possess another
superinfection exclusion gene-sieB; its product aborts the
lytic development of some superinfecting phages (23, 24).
Perhaps surprisingly, these two genes have the same speci-
ficity in that they exclude the same Salmonella phages L,
MG178, and MG40 (although Salmonella typhimurium is not
a normal host for X).
The sieB gene of P22 was found to map in thePL operon

between genes c3 and 24 (19, 24). Sequencing studies by
Franklin (7) revealed a rightward open reading frame (ORF)
which was a likely candidate for sieB. Studies by Susskind
and Botstein (23) showed that X, too, had a sieB gene, and
using bio-substituted X phages, they showed that it mapped
in an analogous position in the PL operon of X, between
genes cIII and N. Sequencing studies by Ineichen et al. (9)
revealed a rightward reading frame in the region which was
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later proposed by Court and Oppenheim (6) to be the X sieB
gene.
Data presented below serve to identify the two sieB genes

and their respective promoters. The X sieB gene is identical
to the one proposed by Court and Oppenheim (6); however,
the P22 sieB gene that we have identified differs substantially
from the one proposed earlier (7).

MATERIALS AND METHODS

Bacteria. Escherichia coli W3110 lacIqL8 (4) was used for
the propagation of plasmids. Strain CSR603 (recAl uvrA6)
(16) was used for maxicell analysis. Salmonella typhimurium
LT2 strains MS1868 (leuAam414 r- m+) and MS1362
(leuvam414 supD) were provided by M. Susskind. Strain
CV112 (polA(Ts)] was obtained from A. Wright.

Phages. Phages L cII-101 and P22 immCL esc+P22 and P22
sieA44 Ap2 were obtained from M. Susskind. P22 sieA44
Ap2 is an oversized phage (it has a Tnl insertion in the al
gene) and hence is unable to form plaques on single infection
(26). P22 sieA44 al-327 is a plaque-forming revertant of this
phage, and its genome is approximately the same size as that
of wild-type P22 (8a). Mutant alleles of sieB were introduced
into P22 by crossing mutation-bearing plasmids with over-
sized kanamycin resistance-carrying P22 as described previ-
ously (19). For crossing deletions in sieB into P22, the
oversized phage P22 sieA44 m44 ral::Kn467 (19) was em-
ployed. This oversized phage has a kanamycin resistance
gene inserted at the HindIII site in ral. Point mutations in
sieB were crossed into P22 sieA44 al sieB::Kn567. In this
phage, the 732 bp between the HindIII site (in ral) and the
EcoRV site (in sieB) have been substituted by 5.04 kb of
sequences from TnS, including the kanamycin resistance
gene, thus making it oversized. It was constructed by
crossing pKR662 (see below) with P22 sieA44 al-327 as
described previously (19).

Plasmids. Plasmids pTP83, pTP425, and pAS474 have
been described previously (12, 19). pAS474 was used to
make nested deletions in the ral-sieB region as follows.
pAS474 was opened at the HindIII site in ral and digested
with BAL 31 for various times, filled in, and religated in the
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FIG. 1. Deletion mapping of the P22 sieB gene. Open boxes
below the map represent sequences deleted from the phage. A plus
sign indicates that the deletion mutant excludes phage L as well as
does a wild-type (SieA-) P22 prophage, and a minus sign indicates
that L plates as well on the deletion mutant as it does on a
nonlysogen. The solid line indicates the riboprobe used in the
nuclease protection experiments.

presence of a HindIII linker or an 1,100-bp kanamycin
resistance-encoding BamHI (filled-in) DNA fragment with
Sall sites very close to both ends (19). This series includes
pTP520, pTP649, pTP650, pTP651, pTP652, and pTP652a.
To provide flanking homology for plasmid-by-phage crosses,
these deletions were recloned into pTP425 by ligating the
HindIII-EcoRI deletion-bearing fragment from pTP520 and
pTP651 with the HindIII-EcoRI backbone of pTP425, or the
Sall (filled-in)-EcoRI deletion-bearing fragment from
pTP649, pTP650, pTP652, and pTP652a with the HindIII
(filled-in)-EcoRI backbone of pTP425. This subcloning step
also ensures that all the deletions have a defined left end-
point at the HindIII site in ral. The extent of deletions is
indicated in Fig. 1, and the deletion endpoints are indicated
in Fig. 2. Plasmid pKR682 (which was used for maxicell

analysis) was constructed by ligating a 969-bp HindIII-MluI
sieB-containing fragment from pAS474 (Fig. 1) with the
large HindIII-PvuII orn-containing fragment from pBR322. A
derivative of pKR682 was constructed by replacing the
HindIII-EcoRV fragment with a similar fragment bearing an
amber mutation at codon 4 of the sieB gene.
Mutant alleles of P22 sieB were constructed in plasmids

and then introduced into P22 by recombination. To this end,
the 969-bp HindIII-MluI fragment from pAS474 was cloned
into the polylinker of M13mpl9 and mutations were intro-
duced as described previously (10). The mutagenic oligonu-
cleotides (mismatched nucleotide(s) underlined) used were
as follows:

PsieB -35:5' AGGGGTAC-jCGAGAACC
PsieB -10: 5' GTGAATAGCGTI17''CT'CCGATTTCTCGC
Ser-4 to amber: 5' CTGCCACCAUAGTJTGTTCAT

(PSieB -35 and PSi.B -10 refer to the -35 and -10 hexamers
of the promoter for the P22 sieB gene; Ser-4 refers to the
codon of the sieB gene that was changed to an amber). After
confirmation by DNA sequencing that the region had only
the desired mutation, a HindIII-EcoRV fragment (Fig. 1)
carrying the mutation was used to replace the wild-type
HindIII-EcoRV fragment in pTP83. These pTP83 derivatives
were used to introduce the mutations into P22 by homolo-
gous recombination. A pTP83 derivative was also used to
construct the oversized phage P22 sieA44 al sieB:.KnS67.
This derivative, pKR662, was constructed by substituting
the 732-bp HindIII-EcoRV (ral-sieB) segment with a 5.04-kb
kanamycin resistance-encoding HpaI fragment from TnS
(isolated from pPB20::TnS-13 [19]).
A sieB-containing segment of the X cI-857 S-am7 chromo-

some extending from the XhoI site at 33,500 to the BglII site
at 38,100 (17) was inserted between the XhoI and PvuII sites
of pTP83. In the process of construction, the BglII end was
filled in with E. coli DNA polymerase I large fragment in the
presence of deoxynucleoside triphosphates and the PvuII
and filled-in BglII ends were joined via an EcoRI linker; the
resulting plasmid was designated pTP108. Plasmid pTP200
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TGGAGAAAGaAGCGTATTTGGCATTCGCTGTAGCCGCTAATAACCAGCTAAAGACAGAAAAGGGAAGCCCTGAAGCAATTTCQTTGCTCAAAAAAGGGATT 701
G E R A Y L A F A V A A N N Q L K T E K G S P E A I S L L K K G I

ATCACTCGATTGCCTTCTGCTATTGGATATCCTGATATTGACCGTTTTATTATCCCGGAAAAGTATTTTAATGAGTGCTACATGAGATTTGCCGGGAAGT 801
I T R L P S A I G Y P D I D R F I I P E K Y F N E C Y M R F A G K S
QAGACATTCTTATGAATGAACTTATTGTACAGGACGAACAGCTCAAAAAATAACGACTTAACCGACAAATACCTTACCTCGCTGTTATTTGTTTGCTCTT 901
D I L M N E L I V Q D E Q L K K .

ACGATGACCAGCCGCGTAAAGTGCTACGCCTGGAAGAAGTACAGATCCTCCTTCAACTTCCTTCTGACGCGT 973

FIG. 2. Sequence of the P22 genome in the vicinity of the sieB gene. It was published first in reference 7; nucleotides 1 to 104 were
reexamined in reference 19, and 104 to 973 were revised in this study (see text). Deletion endpoints are numbered and indicated by the capital
letter delta; the underlined nucleotide is the last nucleotide that is absent in the deletion mutant. The six initiation codons (ATG) discussed
in the text are underlined. The deduced amino acid sequence of SieB is shown; the serine whose codon was mutated to amber is shown in
boldface and underlined. The -35 and -10 hexamers of the sieB promoter and the transcription start site are indicated in boldface; the PsieB
-35 and -10 mutations are indicated immediately above the hexamers.
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was constructed by digesting pTP30 (2) with PvuII and
recircularizing the large fragment by ligation in the presence
of NcoI linkers (5'-CCCATGGG-3'). Plasmid pTP442 was
constructed by digesting pTP108 withAatII and XhoI, filling
in the ends, and recircularizing the large fragment by ligation
in the presence of XbaI linkers. Plasmid pTP462 was con-
structed by digesting pTP442 with EcoRI and HpaI, filling in
the EcoRI ends, and recircularizing the large fragment by
ligation in the presence of BglII linkers (CAGATCTG; this
restores the EcoRI site at the junction). Plasmid pTP466 was
constructed by joining the lacUV5 promoter-containing frag-
ment of pTP200 generated by digesting with NcoI, filling in
the ends, and digesting with PstI, to the origin-containing
fragment of pTP462 generated by digesting with BamHI,
filling in the ends, and digesting with PstI. Plasmid pTP482
was constructed by ligating the sieB-containing EcoRI frag-
ment of pTP466 into the EcoRI site of pMC7 (the lacl9-
bearing version of the plasmids described in reference 5).

In order to synthesize large amounts of riboprobe, a
426-bp SalI-HpaI fragment from pTP650 was placed in the
polylinker region of pGEM-3Z (Promega). The orientation of
the insert in the resulting plasmid is such that sieB antisense
RNA can be made by digesting with EcoRI and transcribing
with T7 RNA polymerase.
RNase protection. RNA for nuclease protection experi-

ments was isolated as follows. A 30-ml culture of the
appropriate P22 lysogen was grown to approximately 2 x 108
cells/ml. The pelleted cells were washed with 1 ml of TE (10
mM Tris [pH 7.6] and 1 mM EDTA) and suspended in 500 ,l
of RNA lysis buffer (10 mM Tris [pH 7.6], 1 mM EDTA, and
0.2% sodium dodecyl sulfate [SDS]). An equal volume of
phenol (equilibrated with water) was added, and the mixture
was shaken at room temperature for 5 min. The aqueous
supernatant was extracted two to three times with chloro-
form, and RNA was precipitated by adding a 1/10 volume of
3 M sodium acetate (pH 5.2) and 2.5 volumes of ethanol. The
pelleted RNA was dissolved in 200 ,ul of diethyl pyrocarbon-
ate-treated water and precipitated again as above. The
precipitate was washed with 70% ethanol, dried, and dis-
solved in 50 RI of diethyl pyrocarbonate-treated water. RNA
was quantitated by measuringA260, assuming that 1A260 unit
equals a concentration of 40 ,ug of RNA per ml. Riboprobe
was synthesized as described by the supplier of plasmid
pGEM-3Z (Promega).
To detect sieB mRNA, approximately 50 pg of total RNA

was hybridized to 2 ,ul of riboprobe (approximately 106
Cerenkov cpm) in 50 ,ul of hybridization buffer (10 mM Tris
[pH 7.2], 1 mM EDTA, and 1 M NaCl [3]). The RNA and
riboprobe mixture was denatured at 85°C for 5 min and then
hybridized at 65°C for 60 min. Excess riboprobe and unhy-
bridized RNA were digested as described previously (15),
with some modifications. The hybridization mixture was
cooled to room temperature, and 450 ,ul of RNase digestion
buffer (9.0 mM Tris [pH 7.5], 5 mM EDTA, and 120 mM
NaCl) containing 30 ,g of nuclease P1 per ml and 10 ,g of
RNase T1 per ml was added. After incubation at 37°C for 60
min, the digestion mixture was extracted by adding 500 ,ul of
phenol-chloroform-isoamyl alcohol (25:24:1). RNA was pre-
cipitated by adding 2 volumes of ethanol to the aqueous
phase. The pelleted RNA was suspended in 8 ,ul of TE (pH
7.6) and 8 ,ul of Stop solution (United States Biochemical
Sequenase kit). The protected riboprobe was denatured at
85°C for 5 min and fractionated on a 5% acrylamide-8M urea
gel. Urea was removed from the gel by soaking in cold 5%
trichloroacetic acid for 20 min. The gel was then dried and
placed on X-ray film (Fuji) at room temperature for 19 h.

DNA sequencing. P22 DNA was sequenced as described
previously (14). To confirm the DNA sequence between ral
and 24, BAL 31 deletions generated to map sieB (see above)
were cloned into M13mpl8 and M13mpl9 and then se-
quenced (with the Sequenase kit from United States Bio-
chemical) with the universal primer or special primers ob-
tained from the in-house DNA synthesis facility. For
obtaining the sequence of the sieB sense strand, SalI-MluI
fragments from pTP649 and pTP652 and a HindIff-ClaI
fragment from pTP651 were cloned into M13mpl8. The
sequence of the antisense strand was obtained by cloning the
SalI-MluI and HindfIf-ClaI fragments from pTP649 and
pTP651, respectively, into M13mpl9.

Maxicells. Maxicell analysis was performed essentially as
described previously (20), except that E. coli CSR603 was
used. Labelled proteins were fractionated on a Tricine-
SDS-10% polyacrylamide gel (18).

Nucleotide sequence accession number. The revised nucle-
otide sequence presented here has been deposited in Gen-
Bank under accession number L18800.

RESULTS

Deletion mapping of P22 sieB. To precisely map the sieB
gene, P22 mutants with deletions in the ral-sieB region were
constructed. These phages carry deletions of varying lengths
with a common left endpoint at the HindIII site in ral (Fig.
1). Deletion endpoints were identified by sequencing phage
DNA; these are indicated in Fig. 2.
The SieB phenotype of deletion-bearing P22 sieA44 pro-

phages was determined by their ability to exclude phage L.
In the absence ofsieA, the only known P22 gene product that
excludes L is SieB (24). As indicated in Fig. 1, lysogens of
P22 sieA44, P22 sieA44 A649 and P22 sieA44 A650 plate L
with the same low efficiency (10-2 to 10-3 relative to its
efficiency of plaque formation on a nonlysogen). An L-P22
hybrid phage, which carries a P22 determinant, esc (for
escape), that allows it to overcome SieB-mediated exclu-
sion, has an efficiency of plating of approximately 1. Lyso-
gens of P22 sieA44 A520, P22 sieA44 A651, P22 sieA44 A652,
and P22 sieA44 A652a fail to exclude L, however; L plates as
well on these lysogens as it does on a nonlysogen. Combined
with previous studies (19, 24), these results indicate that
sequences to the left of nucleotide 169 are not essential for
sieB function, but a critical sieB determinant lies between
169 and 288 bp, in the numbering shown in Fig. 2.
Sequence and expression of the P22 sieB gene. The se-

quence of the ral-sieB region was reexamined in an attempt
to identify a sieB ORF consistent with the mapping experi-
ments described above. A number of discrepancies with the
previously published sequence (7) were discovered. The
corrections are as follows: there are two A's after position
278 (instead of three), there is no A after position 317, there
is no T after 454, there is a T after 473, there are only two A's
after 837 (as opposed to three) and a single A after 840
(instead of two), and finally there is a T after residue 922.
The net effect of these revisions is to substantially alter the
location of the putative sieB ORF; the correction at position
922 causes a frameshift in the 3' end of gene 24. The revised
sequence shown in Fig. 2 revealed a candidate sieB ORF
with the potential to encode a polypeptide of 242 amino
acids.

This ORF has six likely initiation ATGs, and these are
underlined in Fig. 2. P22 sieA44 A650 lacks the N-terminal 23
codons of this ORF but is still SieB+; therefore, one can
exclude the first ATG as the sieB initiation codon. An amber
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TABLE 1. SieB phenotypes of cells expressing different alleles of
P22 sieB or X sieB0

Exclusion of phageb:
Prophage or plasmid

L P22

P22 (SieB+) +
P22 PsieB 35 +
P22 PsieB -10
pKR682 (SieB+) +
pKR682a Ser4am in supo
pKR682a Ser4am in supD +
pTP462 (X sieB) + -
pTP482 (lacIq P1acU5-j sieB)
Without IPTG - -
With IPTG + -

pTP466 (P1acwV5- sieB)c + +

a Salmonella strain MS1868 (supo) was lysogenized with the appropriate
P22 sieA44 al phage or transformed with the appropriate plasmid; where
indicated, the supD strain (MS1362) was used. Lysogens or plasmid-bearing
cells were grown to late log phase in Luria-Bertani medium (LB) or LB
supplemented with the appropriate antibiotic, and 0.1 ml of culture was used
to make lawns on LB or LB-plus-antibiotic plates. Where indicated, IPTG
was added to the bacterial lawn at a final concentration of approximately 1
mM. Tenfold dilutions of P22 vir3 and L cII-101 were spotted on such lawns.
After the spots had dried, plates were incubated overnight at 30°C.

b A plus sign indicates that the phage plates 100- to 1,000-fold less efficiently
on the particular strain compared with its plating efficiency on a prophage with
a deletion in the ral-sieB region (the plating efficiency with respect to a
nonlysogen is the same, although the plaque size is larger on a nonlysogen); a
minus sign indicates that the efficiency of plating is close to 1.

c This plasmid, unlike pTP482, does not bear the lacjq allele.

mutation was introduced 4 codons after the second initiation
codon, and its SieB phenotype was tested. As indicated in
Table 1, S. typhimurium bearing this mutant allele of sieB
plates L as efficiently as does a P22 prophage with a deletion
of the sieB region. This observation suggests that the sieB
ORF initiates at the second ATG (also see below). Whether
the amber is suppressible in single copy could not be tested
because the supD strain when lysogenized by this phage
became resistant to phage infection-the control esc+ P22
(which is insensitive to SieB-mediated exclusion) failed to
grow on this strain (data not shown). The same supD strain
bearing the sieB amber gene on a multicopy plasmid
(pKR682a), however, excludes phage L with the same
efficiency as does wild-type sieB (Table 1). The same plas-
mid in a sup° strain, however, is completely innocuous for
the growth of phage L.
The ORF thus identified (Fig. 2) as the sieB gene is read

rightward in the conventional P22 prophage genetic map and
has the potential to encode a polypeptide of 192 amino acids
with a calculated molecular weight of 22,442.

Maxicells were used to analyze expression of proteins
from this region of P22. To this end, a 969-bp HindIII-MluI
wild-type or amber-carrying sieB (Fig. 1) fragment was
subcloned between the HindIII and PvuII sites of pBR322.
These plasmids were analyzed with maxicells, and the
results are presented in Fig. 3. As shown in lane 3, two
polypeptides with apparent molecular weights of approxi-
mately 20,000 and 18,000 are synthesized from the wild-type
sieB gene. We identify the larger protein as SieB because the
N-terminal amber mutation at codon 4 (Ser4Am) confers a
SieB- phenotype and prevents expression of this protein,
but not the smaller, which is labelled SieBinh (Fig. 3, lane 4).
The smaller polypeptide is due to internal initiation in the
sieB ORF (13a).

Identification of the sieB promoter. The start site of sieB
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FIG. 3. Autoradiogram of 35S-labelled proteins expressed in
maxicells and separated by SDS-10% PAGE (Tricine system).
Lanes: 1, no plasmid; 2, pBR322 with its tetracycline resistance-
conferring gene deleted; 3, pKR682-a P22sieB-expressing plasmid;
4, a derivative of pKR682 that has an amber allele (Ser4am) of sieB;
5, pTP462-a plasmid expressing X sieB. Arrowheads indicate
positions of f-lactamase, P22 and X SieB, and SieBinh (SieB
inhibitor). The numbers on the right indicate molecular size markers
(Pharmacia) in kilodaltons.

transcription was identified with RNase protection. A uni-
formly labelled sieB antisense riboprobe (Fig. 1) was di-
gested with nucleases P1 and T1 in the presence of RNA
isolated from a SieB+ or a SieB- lysogen. The wild-type
sieB mRNA yields a protected fragment of approximately
350 nucleotides (Fig. 4, lane 1). A prophage which has the
whole ral-sieB region deleted fails to give any protected
fragment (Fig. 4, lane 2). An examination of the upstream
DNA sequence in this region reveals a candidate r70 pro-
moter (Fig. 2).
To unequivocally identify the sieB promoter, mutations

were made in the putative -10 and -35 sequences, and
these are indicated in Fig. 2. The -10 hexamer was mutated
at two sites; the highly conserved T residues at -7 and -12
were mutated to G, and the conserved T at position "-35"
(which in this case is actually at -37) was mutated to a C.
The mutation-bearing sieA44 al prophages were tested for
their ability to plate phage L. As indicated in Table 1, the
prophage with a mutation at the -35 position excludes phage
Ljust as well as wild type. The -10 mutant, however, plates
phage L with an efficiency as high as that of a prophage
which has its sieB gene deleted.
An inference from these results is that the mutation at

position -35 has little or no effect on transcription from the
sieB promoter, but the double mutation at -10 and -7 is a

severe "down." This is borne out by the RNase protection
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FIG. 4. RNase protection experiment to detect P22.
Lanes: 1, RNA isolated from a SieB+ lysogen; the arr
the position of the approximately 350-nucleotide pr(
probe; 2, RNA isolated from a P22 lysogen that has a d
ral-sieB region; 3, RNA isolated from a PsieB -35 lyso
isolated from a PsieB -10 lysogen; 5, untreated ri
markers-Hinfl fragments of pBR322, filled in by
fragment of E. coli DNA polymerase I in the
[a-3P]dATP. The numbers on the side indicate the le
fragment in nucleotides. Note that lanes 5 and 6 are I
shorter exposure of the same gel.

experiment whose results are shown in Fig. 4. RI
from mutant lysogens was subjected to nuclease
as before. As can be seen in Fig. 4, sieB mRN)
detectable in the -35 mutant (lane 3) but not
mutant (lane 4).

Identification of A sieB. On the basis of g
sequencing studies by Susskind and Botsteit
Ineichen et al. (9), respectively, Court and OpF
speculated that a rightward ORF between cIII a
sieB gene of X. Data presented in Table 1 indicate
indeed the case. When the said ORF is expre
typhimurium, it excludes phage L, but not wilc
The relevant genetic structure of the PL oper
illustrated in Fig. 5. A sieB-containing fragmer
BamHI site at 34,499 (17) to the HpaI site at 35,
past the sieB termination codon) was used. The pi

Xhol

ORF was fused at the initiating ATG by using the BamHI
site at 34,499 to the controllable lacUVS promoter; an
in-frame initiation codon was provided by an NcoI linker

1632 used in the construction. In addition, this plasmid-
pTP482-bears the lacP allele. As shown in Table 1, be-
cause of partial derepression of the lacUVS promoter in the
presence of the inducer IPTG (isopropyl-3-D-thiogalactopy-

504/517 ranoside), L plates with a very low efficiency on plasmid-
bearing cells; however, the control esc' P22 plates with a

396 high efficiency. In the absence of IPTG, both phages plate
344 with a high efficiency. Thus, expression of the ORF is

necessary and sufficient to confer a SieB+ phenotype on
298 wild-type S. typhimurium.

Another plasmid, pTP466, expresses X sieB from the
lacUVS promoter, but, unlike pTP482, it does not express

220/221 the Lac repressor. As indicated in Table 1, cells bearing
pTP466 exclude L and P22. The simplest interpretation of
these results is that overexpression of X sieB (in the absence
of Lac repressor as opposed to partial derepression by

1 54 IPTG) leads to exclusion of L and P22. That physiological
levels of X SieB are needed for the correct specificity of
exclusion is further illustrated by the result with plasmid

sieB mRNA. pTP462. As shown in Fig. 5, this plasmid bears the ealO-ral-
row indicates sieB (and a part ofN) region from X; consequently, X sieB is
Dtected ribo- expressed, most likely, from its own promoter. As indicated
eletion in the in Table 1, cells bearing plasmid pTP462 exclude phage L but
gen; 4, RNA not P22.
iboprobe; 6, An examination of the sequence of X sieB revealed two
presence of potential internal initiation sites (not shown). To test
ngth of each whether these are functional, maxicell analysis was per-
taken from a formed with plasmid pTP462. The result is shown in Fig. 3.

As can be seen in lane 5, only one polypeptide is detected; its
apparent molecular weight-20,000-is in good agreement
with the calculated molecular weight-20,982--of X SieB.

NA isolated
protection DISCUSSION

A is readily
in the -10 P22 sieB. Several lines of evidence support the notion that

the ORF identified as sieB is indeed the sieB gene discovered
renetic and by Susskind and coworkers (24). Deletion mutants of P22
n (23) and which lack parts of this ORF are SieB-. At least one amber
)enheim (6) mutation in this ORF confers a suppressible SieB- pheno-
nd N is the type. The said ORF encodes a polypeptide with a calculated
.that this is molecular weight of 22,442, which is in reasonable agree-
rssed in S. ment with the apparent molecular weight of approximately
d-type P22. 20,000 observed with SDS-polyacrylamide gel electrophore-
ron of X is sis (PAGE).
it from the It transpires that the ORF identified here as sieB encodes
261 (228 bp two polypeptides-a large one (SieB in Fig. 3, lane 3), which
utative sieB we have identified as SieB, and a truncated version of this

Psiee

BamHI

pTP462
pTP482

FIG. 5. Map of the X genome in the vicinity of the sieB gene. Sequences present in the sieB-expressing plasmids constructed for these
studies are indicated by solid lines below the map; the large bold arrow represents the lacUVS promoter.
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FIG. 6. Hydrophilicity profiles of P22 (A) and

window size of 20 residues was used.

40
X (B) SieB.

protein (SieBinh in Fig. 3). The shorter protein is a product
of internal initiation (at the fifth ATG in Fig. 2) in sieB, and
in fact is an inhibitor of SieB (13a). It is clear that the larger
protein is responsible for conferring a SieB+ phenotype
because an amber mutation in its fourth codon confers a
SieB- phenotype but still directs synthesis of the shorter
protein, at least in maxicells and presumably in P22 lyso-
gens. The formal possibility that the shorter polypeptide
contributes to SieB-mediated exclusion in some way is not
ruled out by the data presented in this paper.
A sieB. Ineichen et al. (9) identified a rightward ORF (git)

in thePL operon of X. On the basis of the deletion mapping
experiments of Susskind and Botstein (23), Court and Op-
penheim (6) speculated thatgit is sieB. Data presented above
confirm this idea. When git/sieB is placed under the control
of lacI and Pac. it excludes phage L (but not P22) in an
IPTG-dependent manner. Data shown in Table 1 indicate
that expression of X sieB from the lacUV5 promoter, in the
absence of any Lac repressor, causes exclusion of L and
P22. This observation reveals the basis of the super-sieB
phenotype described by Susskind and Botstein (23). They
observed that some X bio-substituted prophages excluded L
and P22; in light of the result with pTP466, this is most likely
due to overexpression of X sieB by these prophages. The X

sieB ORF encodes a polypeptide with a molecular weight of
20,982, which is in good agreement with the apparent mo-
lecular weight of 20,000 estimated from SDS-PAGE.
There is no appreciable homology between the sieB genes

of the two phages, although the two genes exclude the same
Salmonella phages. As shown in Fig. 6, however, they have
remarkably similar hydrophilicity profiles. Both proteins
appear to have a hydrophilic N terminus followed by two
hydrophobic regions that are of sufficient length to be

a_5 i I a I a I

-3.00-_ .... ......i
-4.00 u --t- i

I I I I

80 100 120 140 160
)philicity was analyzed with the MacVector protein analysis program. A

transmembrane domains. These hydrophobic regions are
separated by a small stretch of hydrophilic amino acid
residues. In both proteins, the second hydrophobic domain
is followed by a region rich in hydrophilic residues. Finally,
both proteins have a hydrophilic C terminus which is rela-
tively rich in charged amino acids. Whether this similarity
reflects a common exclusion mechanism remains to be
determined. The idea that P22 SieB may be a membrane
protein is consistent with the physiological studies of Suss-
kind et al., which suggested that damage to the cell mem-
brane may be involved in P22 SieB-mediated exclusion (24).
Acomparison of the deduced sequences of X SieB with those
of X RexA and RexB (which exclude some rI mutants of T4)
revealed two regions of partial homology between RexB and
X SieB; they share the sequences GLLLLS and VFVFAL
(except that the RexB sequence differs from the latter in that
it has an I instead of F at the second position). There is no
comparable homology between RexB and P22 SieB.

sieB promoters of P22 and A. The transcription start site of
P22 sieB was mapped by RNase protection. Point mutations
served to confirm that the sequence upstream of this site is
indeed the sieB promoter. The double mutation in the -10
hexamer conferred a SieB- phenotype; moreover, sieB
mRNA was undetectable in mutant lysogens. The mutation
at -35 had no apparent effect on SieB phenotype or mRNA
levels. This lack of effect is almost certainly due to the
context of the sieB promoter since a similar mutation in
another P22 promoter (Pant) had a severe effect (11).
As shown in Fig. 7, the sequence in X of the region

upstream of its sieB gene is identical to that in P22. We
suspect, therefore, that X uses the same sequence as a
promoter for its sieB as the one used by P22. Another feature
in the sequence around PsieB stands out. In P22 and X, there

a.
0

-2.

-5.00

I I I I I a a a I II i i 11 i i i i i i 4

4.00 -1 i f i i i i 4 i

loo ill ---i---- -, i IRW ;FM i i i i i

I I

VOL. 175, 1993

-

. f f



4718 RANADE AND POTEETE

P22

TTCTCGIGIACCCCTACAGCGAGAAATCGGAIAAACICTATTCACCCCTACAGAGAGTAAAAAGAGAA

TTCTCGITIACCCCTACAGCGAGAAATCGGAIAAACIATTACAACCCCTACAGTTTGATGAGTATAGAA

FIG. 7. The sieB promoter region. The DNA sequence around the transcription start site of P22 sieB is shown at the top; the -35 and -10
hexamers of the P22 sieB promoter are underlined; the homologous sequence in X upstream of its sieB gene is shown below. The likely X sieB
promoter is underlined as well. The 10-nucleotide direct repeat referred to in the text is shown in boldface.

is a 10-nucleotide direct repeat around PsieB (indicated in
boldface in Fig. 7)-one overlapping the putative -35 of
PsieB and one after +1. This leads us to speculate that this
sequence may be involved in regulating sieB expression.
One of the sequence corrections mentioned above (see

Results) causes a frameshift in the 3' end of gene 24 resulting
in an increase in the length of gene 24 protein by 4 amino acid
residues; its new calculated molecular weight is 10,969. The
revised deduced amino acid sequence of the C terminus of
gene 24 protein (from residues 86 to 101) reads as follows:
LYAAGHRKSKQITAR.
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