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Bacteriophage SP6 Is Closely Related to Phages K1-5, K5, and K1E
but Encodes a Tail Protein Very Similar to That
of the Distantly Related P22
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The lytic salmonella phage SP6 encodes a tail protein with a high degree of sequence similarity to the tail
protein of the biologically unrelated lysogenic salmonella phage P22. The SP6 tail gene is flanked by an
upstream region that contains a promoter and a downstream region that contains a putative Rho-independent
transcription terminator, giving it a cassette or modular structure almost identical to the structure of the tail
genes of coliphages K1E, K5, and K1-5. It now appears that SP6, K1-5, K5, and K1E are very closely related
but have different tail fiber proteins, giving them different host specificities.

SP6 is a lytic double-stranded salmonella phage specific for
Salmonella enterica serovar Typhimurium LT2 and is morpho-
logically and biologically similar to coliphage T7. K1-5 is a
recently isolated dual-specificity coliphage that can infect and
replicate on the K1 and K5 strains of Escherichia coli and
encodes two different tail fiber proteins that confer this ex-
tended host range (11). One tail protein is a K5 lyase that is
almost identical to that of phage K5 which allows the phage to
recognize and degrade the K5 polysaccharide capsule (5). The
other K1-5 tail protein is an endosialidase almost identical to
that of phage K1E that similarly allows the phage to attach to
and degrade the K1 polysaccharide capsule (8). SP6, K1-5,
K1E, and K5 are all lytic linear double-stranded DNA phages
with genomes of around 40 kb and have very similar virion
morphologies. Two striking features of the tail gene regions of
K1-5, K1E, and K5 are a common upstream sequence that
contains an SP6-like promoter and an 85-base intergenic re-
gion that contains a putative Rho-independent transcription
terminator. This modular structure of the tail genes suggests
that host specificity can be changed by horizontal exchange of
complete tail genes.

SP6 encodes a P22-like tail protein. On the basis of the
common upstream region of the tail genes of phages K1E, K5,
and K1-5 and our belief that SP6 is very similar to these three
phages, we speculated that SP6 may also share this similarity in
the tail gene structure, so we designed a primer that would
hybridize to SP6 DNA to sequence the SP6 tail fiber gene. As
predicted, the primer did hybridize, and we were able to se-
quence the tail genes by primer walking. A 550-amino-acid
open reading frame was found starting at the exact analogous
position (with respect to the promoter) as the tail genes of
K1-5, K5, and K1E. A BLAST (1) search found that this open
reading frame shares a high degree of similarity (58% amino
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acid identity and 73% similarity) to the C-terminal 550-amino-
acid portion of the 667-amino-acid salmonella phage P22 tail
spike protein (10). The structure of the P22 tail spike has been
studied extensively and serves as a model for protein folding.
Like the K1-5 tail proteins, it has an enzymatic (endorhamno-
sidase) activity involved in degradation of the Salmonella O
antigen (for reviews, see references 3 and 15).

The N-terminal 124-amino-acid sequence portion of the P22
tail spike protein was identified as the head-binding domain
(12). This domain is conspicuously missing from the putative
SP6 protein (Fig. 1A). Recently, a truncated version of the P22
tail spike missing the first 115 amino acids (resulting in a
protein whose first amino acid corresponds with the second
amino acid of the putative SP6 protein) has been used in
studies of catalysis and receptor binding because it is more
accessible to crystallographic analysis (2). Note that the SP6
protein is almost identical in size and contains the same re-
gions as this stable, catalytically active, truncated P22 tail spike.

Immediately following the termination codon of the SP6 tail
gene is an 84-base region very similar to that of the 85-base
intergenic region of K1-5, K5, and KI1E that contains two
symmetrical elements (Fig. 2). Immediately downstream is the
beginning of another open reading frame (ORFy). The first 11
amino acids of the ORFy protein are identical to the first 11
amino acids of the K1-5 endosialidase, but the 60-amino-acid
sequence that follows is not similar to any sequence in the
databases. We also determined the DNA sequence 138 bases
upstream of the putative tail gene. This region is 82% identical
to the upstream region of K1-5 and contains a promoter very
similar to other SP6 promoters (4). When regions encoding the
tail genes of these four phages are compared, we find that the
SP6 gene is in a position analogous to that of the lyase genes
of K1-5 and K5 and the 111-amino-acid ORF; of K1E (Fig. 2).

Evidence that the putative SP6 tail protein is present in SP6
virions. The putative SP6 tail protein was expressed as an
N-terminal His-tagged fusion product in E. coli (BL21) using
the pET-15b expression vector (Novagen). The expressed pro-
tein had a molecular mass of approximately 58 kDa (predicted
molecular mass, 59.5 kDa) and was partially purified by bind-
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FIG. 1. (A) Comparison of the putative SP6 tail protein and the P22 tail spike. The SP6 protein shares 73% amino acid similarity with the P22
protein but is missing the head-binding domain. (B) Comparison of the K1E/K1-5 endosialidase compared to the K1F endosialidase. Like the SP6
tail protein, the K1E/K1-5 protein is missing a potential head-binding domain compared to the K1F endosialidase. The N- and C-terminal portions

of the proteins are indicated.

ing a crude extract to a Ni-nitrilotriacetic acid column and
eluting with 250 mM imidazole.

Sodium dodecyl sulfate-polyacrylamide gel analysis of ce-
sium chloride-purified SP6 virions showed a protein with a
molecular mass of about 58 kDa that comigrated with the

overexpressed His-tagged protein (Fig. 3A). Western blotting
was performed, using rabbit antiserum to phage P22 virions
with the assumption that P22 antiserum would contain some
antibodies to the tail spike that would cross-react with the SP6
tail protein due to the sequence similarity. In this experiment
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FIG. 2. Arrangement of the tail gene regions of the K1-5, K1E, K5, and SP6 phages. All phages have a common upstream region with an SP6
promoter. Immediately downstream of this region, phages K1-5 and K5 encode the K5 lyase, K1E encodes the ORF, protein, and SP6 encodes
a P22-like tail spike. All phages then have an intergenic region of 85 (84 for SP6) bases just after the stop codon. Immediately following this region,
K1-5 and K1E encode an endosialidase, K5 encodes the ORF, protein, and SP6 encodes the small ORFy protein.
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FIG. 3. (A) Tris—glycine-sodium dodecyl sulfate-10% polyacryl-
amide gel stained with colloidal Coomassie blue (ICN). Lane 1, semi-
purified SP6 tail protein; lane 2, 5 X 10'° cesium chloride-purified SP6
phage particles. The arrow points to purified SP6 tail protein. (B)
Western blot on nitrocellulose (Schleicher and Schuell) blocked with a
solution of Tris-buffered saline, 0.02% Tween 20, and 5% nonfat dried
milk. The primary antibody was rabbit anti-P22 serum, and the sec-
ondary antibody was horseradish peroxidase-conjugated goat anti-rab-
bit immunoglobulin G (Pierce). The signal was detected with Pierce
SuperSignal extended signal substrate. Lane 1, 10'° SP6 particles; lane
2,5 X 10° P22 particles; lane 3, partially pure SP6 tail protein. The top
arrow points to P22 tail spike, and the bottom arrow points to SP6 tail
protein.

a band of the predicted molecular weight of the SP6 tail pro-
tein was seen in SP6 virions (Fig. 3B). The expressed SP6
protein also reacted with the rabbit anti-P22 serum. When P22
virions were run, a band of the predicted molecular mass of
P22 tail spike (72 kDa) was detected. Since the antiserum was
raised against whole phage P22 virions, a strong signal is seen
for the major protein that we presume to be capsid protein. A
strong signal is also seen in SP6 virions that we believe is a
major capsid protein (based on its abundance). This SP6 pro-
tein may also be similar to the P22 counterpart, if not at the
sequence level then perhaps at a structural level.

Phage K1-5 encodes both an RNA polymerase and a helicase
that are very similar to those of SP6. Sequences of two other
genes of SP6 have been published. One is the RNA polymerase
(7), and the other is a primase/helicase (14). We are currently
in the process of sequencing the entire K1-5 genome, and part
of our sequence analysis included both of these genes. A pu-
tative 874-amino-acid K1-5 RNA polymerase shares 85%
amino acid identity and 93% similarity to the 875-amino-acid
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SP6 RNA polymerase, which is not surprising since both phages
have very similar promoters. The primase/helicase genes are
even more similar, with 92% identity and 96% similarity at the
amino acid level (the K1-5 protein is composed of 662 amino
acids, and the SP6 protein is made up of 661 amino acids).
Both of these proteins are major factors in replication, so it
seemed clear that the two phages probably have nearly iden-
tical life cycles.

Conclusions. SP6, K1-5, K5, and KI1E are all lytic phages
with very similar virion morphology, have similar-sized linear
double-stranded DNA genomes with the tail genes located at
one end, and encode similar and highly specific RNA poly-
merases. We believe that these phages are all recently derived
from a common ancestor and differ mainly in the tail proteins,
giving them different host specificities. Furthermore, the cas-
sette-like structure of the tail genes suggests that the phages
can rapidly change or extend host specificity by acquiring new
tail genes horizontally. Juhala et al. (6) describe morons, which
may be mobile genetic elements in lambdoid phages. Morons
are characteristically single genes flanked by a promoter and a
Rho-independent terminator. The fact that the tail genes of
these phages also have potential Rho-independent terminators
suggests that this may be a common characteristic of mobile
modules that are important for rapid phage evolution.

Since SP6 and P22 both infect the same host, it may not be
surprising that they encode similar tail proteins. However,
these two phages are biologically very different; P22 is a lamb-
doid phage that is capable of forming lysogens, whereas SP6 is
a lytic phage. The entire P22 sequence is known, and no other
sequence similarities exist between it and any known SP6 se-
quence. It is quite likely that the tail genes were acquired
horizontally by one or both phages.

One question that needs to be addressed in the future is how
the tail proteins attach to the head in the SP6 and K1-5 family.
The SP6 tail is completely missing the head-binding domain of
the P22 protein. Similarly, the K1-5 and K1E endosialidases
are missing the N-terminal 205-amino-acid region compared to
the endosialidase of phage K1F, a region that shares amino
acid similarity with the T7 tail fiber protein which is also known
to be involved in head binding (9, 13) (Fig. 1B). Since K1-5 was
shown to have two different tail proteins attached to the head
(11), it is not unreasonable to assume that head attachment is
based on a different mechanism. It is possible that two poly-
peptides are required, one of which plays more of a structural
role. It appears that there is another coding region down-
stream of the tail gene in SP6 (ORFy) that is identical to the
first 11 amino acids of the K1-5 endosialidase (Fig. 4). This

1 MIQRLGSSLVKMPNGITLTQWLQ.PANIIKVDDAPYNGDLIAAYNAIPVI 49

1 MIQRLGSSLVKFKSKIAGAIWRNLDDKLTEVVSLKDFGAKGDGKTNDQDA 50

51 VNAAMASGKRIDGAGATYKVSSLPDMERFYNTRFVWERLAGQPLYYVSKG 100

FIG. 4. Sequence comparison of the ORFy protein of SP6 and the endosialidase (ENDO) of K1-5. The first 11 amino acids are identical.
Identical amino acids (]), amino acids that are highly similar (:), and amino acids with lower similarity (.) are indicated between the two sequences.
Gaps introduced to maximize sequence alignment (.) are indicated. It is possible that the ORFy protein is a tail fiber protein and/or could still

play a structural role in attachment of the tail to the capsid.
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could be yet another tail protein giving SP6 the ability to infect

some strain still to be identified.

Nucleotide sequence accession numbers. The nucleotide se-
quences reported here have been deposited in GenBank and
assigned the following accession numbers: SP6 tail, AF478465;
K1-5 RNA polymerase, AF478466; and K1-5 primase/helicase,

AF478467.

We thank Anthony Poteete for kindly supplying anti-P22 serum.
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