The cosQ site is required for proper termination of packaging of
normal length DNAs
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Genes 50 and 51 are nearly identical to genes cI and cro of λ. HK97 also has OL and OR sequences identical to those of λ. These
similarities account for the fact that HK97 and λ have the same immunity.
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Gene 53 has a homolog in the same location on the Shigella lambdoid phage Sf6 chromosome, but their roles are unknown.
Gene 52 is a distantly related homolog of λ cII. Among known sequences, it is most closely related to the HK022 cII gene.
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Gene 40 is hypothesized to be the functional equivalent of the P22 abc1 gene based on its gene position, even though the two
genes have no detectable sequence similarity.
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Genes 30 and 31 are nearly identical to λ int and xis, respectively. This sequence similarity extends through the attachment site
and to the end of the sib sequence. These similarities explain the fact that HK97 and λ have the same integration specificity.
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The function of gene 37 is unknown; patches of homology are present at similar locations in phages λ, HK022, HK620
and SfV. The N- and C-terminal portions of 37 protein are similar to the N- and C-terminal regions of HK022 genes 32
and 37 proteins, respectively, so that gene 37 appears to be a fusion composite of those two HK022 genes.
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Gene 38 is very similar to P22 orf56.
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Gene 39 is highly similar in sequence to abc2 of P22, and therefore probably carries out an analogous role in recombination.
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The sequence of gene 41 is highly similar to the N-terminal 3/4 of the P22 erf and not very similar thereafter. The transition
point, presumably representing a recombination event in the evolutionary history of HK97, falls at the boundary between two
physical and functional domains of the Erf protein.
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Gene 43 is a homolog of the λ kil gene.
The function of gene 42 is unknown.
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Gene 47 is the equivalent of λ N, based primarily on gene position, but it has no convincing AA similarity to characterized
lambdoid N homologs. The predicted protein has the high density of basic AAs near the N-terminus (arm motif) that is
characteristic of N proteins, and is nearly identical to the N-like antiterminator of phage H-19B which has a reduced requirement for host factor participation in antitermination. Curiously, immediately downstream of gene 47 lie 17 codons of near
identity to the 3'-end of the phage 21 N gene that have no apparent translation start. This suggests that gene 47 may have
fairly recently replaced a phage 21-like N gene by nonhomologous recombination. The parallel regions of the genomes of
phages 933W and H-19B are closely related to both gene 47 and the gene 21 N fragment.
Gene 44 is a homolog of λ cIII. Its sequence is identical to that of the HK022 cIII gene.

attP

Gene 29 is a fairly distantly related member of the family of tail fiber genes that includes λ tfa, T4 38, P2 G, Mu U, and others.
Among known sequences, it most closely matches the corresponding gene of cryptic E. coli K-12 prophage e14.
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HK97 utilizes the same integration site (attB) in the E. coli chromosome as λ.
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Gene 28 is a distantly related member of the family of tail fiber genes that includes λ stf. No side fibers are seen on the HK97
virion, so genes 28 and 29 likely form the brush-like structure surrounding the central fiber. The C-terminal end of 28 matches
orfP of cryptic prophage e14, with the similarity stopping exactly at the pin invertase recombination site. The N-terminal 1/3 of
gene 28 (and possibly more) closely matches the corresponding gene of phage φ80.

The gene 24 protein is a homolog of λ gene J protein, based on a low level of sequence similarity over much of the gene and the
fact that it is present in virions as a minor component of the tail. It therefore is thought to constitute the central tail tip fiber.

17

24

16
15
14
12

17

11

12

10

16

The protein encoded by gene 16 is the homolog of λ gene H
protein, the tail length tape measure protein. The two AA
sequences are ~30% identical over the C-terminal 2/3 of the
protein. Like its λ homolog, gene 16 protein is cleaved after
assembly; the site of cleavage is shown at a similar position
by analogy.
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Gene 4 encodes the head maturation protease that
cleaves the coat protein and itself in an assembly
dependent fashion.
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The gene 3 protein forms the portal, which by analogy
with other phages is likely to have 12 subunits
arranged in a ring.

The cohesive ends of HK97 virion DNA have 10 nucleotide single-stranded 3' extensions (5'-CGCCGCCAAA).
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The positions of genes 1 and 2 suggests that they may encode the two subunits of a terminase, but they have
no good matches to well-characterized terminase genes. Gene 2's closest relatives are mostly genes in the
terminase position on phages that infect Gram positive bacteria.
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The 1 protein forms the dodecameric portal ring structure at
the tail-proximal vertex of the head. DNA is thought to pass
through this structure during packaging. Mutations in gene
1 cause longer DNA molecules to be packaged, suggesting
that it is not just a passive hole through which DNA passes
during packaging.
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P22 virion DNA has double-stranded blunt ends. The positions of the ends in the sequence are variable (but not completely
random) and determined by the packaging process. Processive series of headful packaging events initiate at many sites within a 120 bp region surrounding the pac site, which is a 22 bp sequence near the middle of gene 3.
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The gene 3 protein recognizes DNA destined to be packaged at
the pac site and is thought to be part of the terminase complex.
High transducing P22 strains used in Salmonella genetics carry
mutations in gene 3 (some affect the pac site).
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The gene 2 protein is required for DNA packaging and
thought to be part of the terminase. It is bound to gene
3 protein in infected cells.
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The gene 8 protein is a catalytic scaffolding protein which is required for proper coat protein
shell assembly. It is present in ~200 molecules
inside each procapsid during head assembly
and is required for incorporation of gene 1 portal protein into virions. All gene 8 proteins
leave at about the time of DNA packaging and
none are present in mature virions. Gene 8 is
negatively autoregulated at a posttrasncriptional level. The N-terminal 1/3 is autoregulation
competent, and it binds coat through its Cterminal 25 AAs.
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About 400 molecules of the 5 protein form the
T=7 icosahedral shell (or coat) of the virion.
Although it has no recognizable AA sequence
similarity with HK97 gene 5 protein, recent
findings indicate that these two proteins have
the same fold.

The gene 5 product is the major head subunit. It is
synthesized as a 42 kD subunit but is processed to a
31 kD subunit by proteolytic removal of the N-terminal
102 AAs following its assembly into the procapsid. Initial
folding of this polypeptide requires GroE chaperonin
function. The folded subunit assembles into two alternative oligomers, pentamers and hexamers, which are
intermediates in the assembly of the T=7 capsid shell.
The last step in capsid maturation is an autocatalytic
covalent crosslinking of the gene 5 protein subunits to
each other. This crosslinking joins the gene 5 polypeptide
chains into interlocked rings with a chainmail-like structure. Structural analysis of procapsids and virions have
elucidated the fold of gene 5 protein and the extensive
conformational changes it undergoes in the procapsid-tovirion transition.
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The position of genes 6, 7, 10, and 11 suggests
that they could serve the same functions as the
nonhomologous λ genes FI, FII, Z, and U. There
is no direct evidence concerning their functions.
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orf69 is not essential and has no known role in
the P22 life cycle, however other P22-like
phages have orf69 homologs, suggesting it
may have a biological role.

Gene 12 encodes the major tail shaft subunit.

4

9
8

26
7

head completion

8

FII
FI

The gene 4, 10 and 26 proteins stabilize and
prepare the full head for tail joining and are
found at the tail-proximal vertex of the head.
They may plug the hole through which DNA
enters the head during DNA packaging, and
26 protein may cause release of the terminase
from the particle. Gp4 has peptidoglycan
hydrolase activity.

The position of genes 13 and 14 suggests that
they may serve the same function as λ G and T.
The expression of genes 13 and 14 involves a –1
translational frameshift at a slippery site near the
3'-end of gene 13, analogous to the expression of
λ genes G and G-T.
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Gene 14 is required for the assembly of
functional virions at high temperatures. Its
mechanism of action is unknown.
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The cohesive ends of λ virion DNA are 12 base single stranded 5' extensions (5'- GGGCGGCGACCT).
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The cohesive ends of N15 virion DNA are 12 base single stranded 5' extensions
(5'- GGGCGGCGTCCG) which are 2 bases different from the λ cohesive ends.

The A gene product is part of the terminase, where it is the
nuclease that generates the cohesive ends at COS N. The
N-terminus of A protein interacts with the C-terminus of
Nu1 protein, and its C-terminus interacts with B protein. It
has ATPase activity. ATP affects COS cleavage in vitro, but
it is also likely that this ATPase also supplies energy to the
DNA packaging motor (portal and terminase are thought
to constitute this DNA translocase).
The gene Nu1 protein is part of the terminase (it is bound to
gene A protein), where it functions to bind to three locations
in the COS B region while recognizing DNA which will be
packaged. It also has ATPase activity.
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Gene 1 protein C-terminal 100 AAs are 77% identical to λ Nu1 small terminase subunit, but
the N-terminal region is novel.

Twenty-two amino acids are removed from the N-terminus of
(most molecules of) gene B protein by proteolytic cleavage
during head assembly. B protein forms a dodecameric ring at
the tail-proximal vertex of the head. DNA is thought to enter
the head through a hole in the center of this structure.
Mutations in B can overcome alterations in the host groE
chaperone.
The W gene product acts after DNA packaging to help
complete the head and prepare it for tail joining. Its precise
role is not known. Its nmr 3d structure has a fold similar to
DNA clamps in replication complexes.
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Gene 2 protein is 87% identical to the λ gene Α terminase large subunit.
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Gene 3 protein is 85% identical
to λ gene W protein.

About 10 molecules of full length gene C protein are incorporated into the virion procapsid. These are cleaved and
covalently joined to E protein molecules in the head during
maturation of the head. C protein contains a protease motif and
may degrade the Nu3 protein.
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Genes 17, 18, 19, and 21 are homologs of λ tail tail tip formation genes M, L, K, and I, respectively. Their order is
the same as these λ genes.

Gene 15 is a moron gene; it has a homologs in HK022 and is
similar to HK97 gene 20. Its function is unknown.
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Gene 4 protein is 88% identical
to λ gene B portal protein.
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Gene 5 protein is 74% identical
to λ gene C protein.

Gene E proteins are the ~400 structural
building blocks for the icosahedral (T=7) head
shell. Mutations in E can overcome some
changes in the host groE chaperone.
About 400 molecules of gene D protein
"decorate" the outside of the head shell and
strengthen it. Longer DNA molecules can be
packaged when D protein is present. Its X-ray
structure is known and it can be used for peptide display.
Gene Nu3 protein synthesis intiates from an
in-frame AUG within the C gene. It may
function as a scaffolding protein for head shell
assembly. It is proteolytically destroyed before
DNA is packaged.

Gene 7, 20 and 16 proteins are part of the virion, and are required for proper injection of the DNA by the virion. These
proteins likely leave the particle with the DNA during injection. Cleavage of 20 amino acids from the N-terminus of
gene 7 protein by the host opdA protease is required for infectivity.
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Gene 7 protein is 69% identical to
the λ D decoration protein.

Z defective infections make functional heads
and defective, but normal appearing tails. Z
protein may form part of the site on tails to
which heads bind.

The FI gene product participates in DNA
packaging in a manner that is not yet fully
understood.
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Gene 8 protein, the putative major
head shell protein, is 74% identical to λ E protein, 97% identical to
φ80 coat protein.

The U protein caps the head-proximal end of the tail. In the
absence of U function, gene V protein will eventually
polymerize into overlength tail structures.

terminase

Gene 9 protein is 42% identical to
λ FI protein.

The tail shaft or body of the tail is made up of 32 hexameric
rings of the V protein. The C-terminal portion of V protein
forms a morphologically discrete domain which extends radially
from each subunit and which can be deleted without destroying
phage viability. V protein can be utilized for peptide display.

Gene FII protein forms the site on the head to
which a tail binds. Its nmr 3d structure is known.
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Gene 10 protein is 68% identical to
λ FII protein.
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Gene 11 protein is 59% identical
to λ Z protein.
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Gene 12 protein is 70% identical
to λ U protein.

8

Gene 13 protein is 61% identical
to λ V protein, the major tail
shaft protein.
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Gene 14/15 protein is 47% identical
to λ gpG-T; there is a 'slippery
sequence in N15 that could result in
a λ G-T like ribosomal frameshift.

A programmed translational frameshift occurs near the Cterminus of gene G, so that about 4% of the ribosomes enter
the T reading frame. The T reading frame is not expressed by
itself. The G and G-T proteins play a catalytic or chaperone
role in tail shaft assembly.
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Gene 20 is likely a moron; it may be a defective
pseudogene since it contains a nonsense codon relative to
the homologous genes 20 of HK022 and gene 15 HK97.
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Gene 16 protein is 57% identical to
λ gene H tail tapemeasure protein.

Gene H protein forms a "tape measure" which determines the
length of the tail shaft. About 100 AAs are removed from its
C-terminus during tail assembly. It may leave the virion
with the DNA during injection.

23

Gene 22/23 is one of three small regions in the HK97 tail
region that do not have apparent homologs in the λ tail
region. The others are genes 15 and 20. These are likely
morons, but their function is unknown.
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SieA gene expression excludes phages P22, heteroimmune hybrids and P22 transducing particles. It may
encode a membrane protein that is made from a prophage expressed mRNA, but the mechanism of exclusion
remains unknown.
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The H, M, L, K, I & J genes are
required for assembly of the
tail tip or baseplate structure.

immunity I region

16

K

15

I

tail tip structure

15
14

19
17

Gene 17 protein is 39% identical to
the HK97 homolog of phage λ M
protein.

The arc gene encodes a repressor which blocks transcription from PANT and PMNT.
The mnt gene encodes a repressor which blocks transcription from PANT in the lysogenic state. It is required for
maintenance of the lysogenic state.

M

Gene 18 protein is 84% identical to the
HK97 homolog of phage λ L protein.

Gene 9 protein forms the receptor-binding portion of the tail, where it resides as 6 trimers. It has endorhamnosidase
activity which hydrolyzes the rhamnosyl-1,3-galactose linkages of the O-antigen part of the Salmonella lipopolysaccharide.
The trimerization and folding of this very stable protein have been studied in some detail. Atomic level structures are
known for the trimer with and without bound O-antigen.

The ant gene encodes an antirepressor protein which keeps the prophage repressors of at least P22, λ and 434 from
binding to their operators. Translation of the ant gene is repressed by the antisense PSAR RNA after about 10 min
during lytic growth.
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Gene 19 protein is 96% identical to
the HK97 homolog of phage λ K
protein.
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Gene 20 protein is 69% identical to the
HK97 homolog of phage λ I protein.
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Gene J encodes the central tail tip fiber.
Host range mutations map to the 3' end of
the J gene, and antibodies that block virion
adsorption react with the J protein. It 's Cterminus interacts with the lamB protein of
the host’s outer membrane during adsorption.
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Gene 21 protein is 78% identical to the
HK022 homolog of phage λ J protein
and is thus likely the central tail tip
fiber.
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gtrA, B and C are expressed from the prophage in P22 lysgogens. The P22 prophage confers serotype a1 on its host
(addition of α1–>6 glucosyl residues to galactose in the O-antigen polysaccharide); these genes have homology to serotype
conversion genes of several Shigella phages. It has been speculated that GtrA is a lipid flipase that moves glucosylated
undecaprenyl phosphate from the cytoplasmic to the periplasmic face of the inner membrane. Homology with studied
enzymes suggests that GtrB transfers glucose from an activated nucleotide intermediate to bactoprenol phosphate. It has
been speculated that GtrC is the enzyme that puts the a1 glucose onto O-antigen. This operon phase varies, and host Dam
(GATC) methylation is required for this variation.

Gene 55 is similar in sequence to phage P22 gene 12 and it occupies a similar position in the gene order. Its sequence puts it in
the DnaB family of DNA replication proteins. By the same criteria, gene 54 is a homolog of P22 DNA replication initiation gene
18.

Genes 48 and 49 lie at the position corresponding to λ rexA and rexB so they may be expressed in a lysogen, but they are novel
genes whose role is not known.

gtrB

P22 integrates into the anticodon loop of a thr-tRNA gene in the Salmonella chromosome and carries, adjacent to attP, 46 bp
that are identical to the 3' portion of the tRNA gene. It thus rebuilds a functional thr-tRNA gene upon integration.
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This region is arranged similarly to the nin region of λ and the corresponding P22 region. Five of the ten genes in this region
match genes in λ and/or P22. The others match genes in HK022, Sf6 and other lambdoid phages.

xis

60 bp between P22 xis and EaG are identical to 60 bp of λ between xis and ea8.5, which includes the t’I terminator
of leftward transcription.
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Gene 67 is homologous to the rusA gene, which encodes a Holliday junction resolvase.
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Biological roles are not known for the proteins, which have been observed in SDS gels, encoded by these non-essential
P22 early (Ea) genes. Most of these genes have homologs in similar locations on various other lambdoid phages. Differences in length among these homologs suggests that in some phages some of these genes could be nonfunctional.

homologous recombination

The 17 gene protein allows P22 to grow lytically on a lysogen of phage Fels2.

A 111 bp region near the N-terminus of eaD is 88% identical to the parallel region in ea22 of λ, and these two proteins, whose
functions are unknown, have 33% identical amino acids overall.

Genes 70, 70', 71 and 72 are homologs of genes S, S’, R, and Rz of λ, with near sequence identity for 70 and 71 with S and R, so
they are presumed to have the same lysis functions as the λ genes.

Gene 69 is the homolog of λ gene Q and P22 gene 23. Although late operon antitermination function has not been demonstrated
explicitly for gene 69, it has been shown for the HK022 homolog, which encodes a protein that differs in only one AA.

EaI

The P22 ral gene functions analogously to its λ homolog.

The abc genes (anti-recBC) inhibit the host recBCD nuclease.

Gene 73 is similar to gene 11 of Pseudomonas phage D3 (head region) and L0095 of E. coli phage 933W (nin region). The location of
members of this gene family in three different locations in three different lambdoid phages is very unusual. Perhaps it is a recent
addition to the genomes of these phages?
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Although the sieB genes in λ and P22 are not homologous, they both exclude other phages including lambdoids. In P22 there
are two utilized translation starts in the same reading frame; an internal start initiates synthesis of the esc protein which inhibits sieB protein action and protects P22 from self-exclusion during lytic growth. These genes are expressed in a P22 lysogen. A
nucleolytically processed portion of the PL transcript, called the sas RNA acts as an antisense repressor of sieB, but not esc
translation. Esc protein also allows P22 to escape phage λ mediated superinfection exclusion.

The erf gene (essential recombination function) protein is required for phage mediated homologous recombination, and is
required for chromosome circularization in recA defective hosts. It is not homologous to any other characterized recombination protein, is an approximately dodecameric ring in solution, and has no nuclease activity.

Gene 74 has weakly similar homologs in prophage λSo in Shewanella and B. subtilis phage φ105, where similarity to holins was
suggested.
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non-essential

P22 gene 24 protein antiterminates immediate-early transcripts in a manner analogous to the λ N gene protein, but with a
different nut site specificity. Weak sequence similarity between the two proteins is questionably significant, but both have
N-terminal "arm" (arginine rich motif) that are responsible for nut site binding.

The P22 c3 gene protein is required for establishment of the lysogenic state, is 60% identical to the λ cIII protein and
serves a similar function.
The P22 kil gene is not obviously homologous to the kil gene of λ; however the two genes appear to encode proteins with
analogous functions that inhibit cell division.
The arf gene (accessory recombination function) protein has 12 acidic and 1 basic residue out of 47. It is thought to stimulate erf-mediated recombination.

RIII RNase III cleavage site
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The P22 cro gene product performs a regulatory function analogous to its λ homolog.

Although the P22 c2 gene product is homologous to the λ cI gene product (45% overall identity), most of the similarity resides
in the C-terminal domain. The N-terminal domain of the P22 prophage repressor has different operator-binding sequence
specificity from its λ homolog (i.e, the two phages are “heteroimmune”).

non-essential

OR3

The P22 gene c1 protein is about 50% identical in amino acid sequence to the λ cII protein, and performs the same role as that
protein. The two proteins bind to the same TTGCN6TTGC sequence in vitro, but exhibit different promoter activation
specificities in vivo
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The N-terminal portion of the P22 gene 18 protein is 39% identical to the λ gene O protein, and is thought to bind to the four
iterons of the replication origin (ori) through its N-terminus and the P22 gene 12 protein through its non-O-homolgous Cterminus.

DNA replication

Some of the P22 nin region genes are very similar to λ or HK97 nin genes. The apparent recombination events that generated
the current arrangement appear to have occurred almost exactly between genes. Most lambdoid phage nin region genes are
homologous to similarly located genes in other phages; however, at any particular position, a given phage has a “choice“ of
nonhomologous alternatives. The size of the nin region ranges from twelve genes in phages Sf6 and HK022 to zero genes in
ΦP27 and Fels1.

non-essential

The P22 gene 23 protein is 96% identical to the λ Q protein and antiterminates tR’with the same qut site specificity as the
gene Q protein of λ.
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The P22 gene 13 proteins are homologous to those encoded by the S gene of λ, and they serve the same holin function allowing 19 protein to escape from the cytoplasm to the periplasm.
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The P22 gene 19 protein is a true lysozyme (homologous to hen egg white lysozyme) that cleaves the same bond in the
peptidylglycan polysaccharide as the R protein of λ; however it uses a different mechanism of hydrolysis and is not
obviously homologous to the λ protein. Some other types of dsDNA phages such as T4 and φ29 encode lysozymes that
are homologous to that of P22.
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t L3

The P22 gene 15 is homologous to the Rz gene of λ, and it serves the same function during lysis. It is also homologous to
gene 18.5 of phage T7.
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AAAACAACAGCATAAATAACCCCGCTCTTACACATTCCAGCCCTGAAAAAGGGCATCAAATTAAACCACACCTATGGTGTATGC
TTTTGTTGTCGTATTTATTGGGGCGAGAATGTGTAAGGTCGGGACTTTTTCCCGTAGTTTAATTTGGTGTGGATACCACATACG
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Rha gene protein inhibits growth on IHF defective hosts. Homologs of rha occur in φ80 and in the Haemophilis influenzae
genome, as part of a putative prophage there.
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The lom (lambda outer membrane protein) is expressed in a lysogen, and it confers an increased ability to bind to human
epithelial cells on E. coli cells that express it. It is homologous to proteins in Salmonella and Yersinia that are thought to help
eukaryotic cell invasion.
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Gene 22 protein is 76% identical to HK022 gene 25 protein, whose function is unknown.
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Gene 23 protein is 59% identical to HK022 gene 26 protein, whose function is unknown.
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stf and tfa encode the virion’s non-essential side tail fibers that bind to the host ompC protein to enhance adsorption.
These proteins have extensive homology to phage T4 gene 37 and 38 tail fiber proteins. A frameshift mutation in stf is
present in most laboratory strains. These strains of λ (derivatives of λPaPa), which have been used in most molecular
biological and genetic studies, have virions with no side tail fibers. The frameshift results in larger more uniform
plaques on agar plates in the laboratory.

cor
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Gene 24 protein is 63% identical to φ80 Cor protein. The N15 24 gene is transcribed
in a lysogen, and its expression blocks φ80 adsorption to N15 lysogens.

The region between genes 3 and 15 is non-essential for lytic growth and lysogeny under tested conditions, and the putative
gene products have no known function.

The P22 int gene protein, integrase, has weak similarity (~23% identity) to the λ integrase. Its expression is thought to be
regulated in a different manner than that of λ, since there appears to be no PI. Instead, P22 has PaI , and it has been theorized that PaI RNA might influence the decay of the int/xis portion of the P22 PL transcript.
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Gene 25 protein is 29% identical to a 110 AA section of the similarly located HK022
gene 28 protein. This correlates with the similar appearance of the brush-like tail tip
structures in these two phages’ virions.
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Gene 26 protein is 69% identical to phage P1 HumD and 65% identical to a gene in an
integrated Salmonella defective prophage; these are all homologs of the E. coli UmuD
protein. Gene 26 and humD begin at the codon where the E. coli UmuD protein is
cleaved for activation - thus gene 26 protein is made in the activated form. The cleaved
UmuD' in E. coli complexes with UmuC to form an error-prone DNA polymerase that is
active in DNA repair. Gene 26 is expressed in a lysogen, and there is a LexA binding
site between genes 25 and 26.

Ea47 has no known homologs and its function is unknown.

umuD' sopB
26
27

Gene 28 protein is 74% identical to F plasmid SopA. Gene 27 protein is 47% identical
to F plasmid SopB. The SopA and SopB families of proteins are involved in plasmid
partitioning in many systems. The current model is that SopA is an ATPase that binds
SopB and this complex binds DNA. Inverted repeat sites that appear to be involved in
proper partitioning the low copy number N15 prophage plasmids into daughter cells
are marked by asterisks (*).

The non-essential "b2 genes" (named after the first deletion studied that removed them) Ea59, Ea31 and Ea47, are expressed
early in infection. Ea59 is an ATP-dependent endodeoxyribonuclease that is specific for supercoiled DNA. It is homologous
to a Streptomycete protein involved in phage resistance there, but its detailed biological role is unknown. Adjacent homologs
of Ea31 and Ea59 are found on Pasteurella multocida and Mesorhizobium loti chromosomes, in locations that are not obviously
prophage-like.

non-essential

25

26

ptl
29
sopA
28

The teRL site is resolved/cleaved into the covalently closed hairpin ends (telomeres) of
the N15 linear prophage plasmid. Similar ~25 bp sequences are present at both ends of
the linear plasmid.

telRL

Gene 29 encodes an enzyme, called “protelomerase,” that catalyzes formation of the
prophage plasmid’s hairpin ends, at telRL, from circular or concatameric forms, apparently
in the absence of other factors.
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The λ integration site in its host’s chromosome, attB, lies between the gal and bio operons on the E. coli chromosome, in the
intergenic space between two genes of unknown function, ybhB and ybhC.

orf73

27

Gene 30 plays an ancillary role in N15 anti-immunity. Closest known relative of gene 30
is Lactococcus phage r1t orf5 whose encoded protein is 19% identical to gene 30 protein.

29

Gene 31 is homologous to phage P4 antirepressor.

The int protein catalyzes the site-specific recombination between attP of the phage DNA and attB of the bacterial DNA
during integration and the reverse reaction during excision. The int gene portion of the PL message transcribed from
unintegrated phage DNA is unstable due to decay triggered by RNAseIII cleavage of the sib site. However, mRNA initiated from PI and terminated at tI is stable, as is PL message made from integrated prophage DNA. Host proteins participate
in the integration process; integration host factor (IHF) was discovered through its role here.

antB
30

Gene 32 (icd) encodes two in-frame proteins that are similar to P4 Eta protein. Gene
32.1 is in-frame with gene 32 and encodes a cell-killing protein.

antA
31 icd

Processing of Pa/Pb RNA to CA RNA (very similar to phage P4 CI and phage P1
C4 RNAs) probably allows termination at a terminator downstream, thus controlling synthesis of antirepressor functions AntA and AntB.

The xis gene product is required for prophage excision but not integration. It binds to the left arm of attP (right end of the
prophage) during the excision process. The xis protein is metabolically unstable, being degraded by lon and ftsH proteases.

28 Pb

Gene 34 protein is 21% identical to P22 EaF protein.

32.1 32

33 34 35 36

30

Ea8.5 and Ea22 are functional genes since their protein products are observed in SDS electrophoresis gels of infected cells.
The products of these genes and orf55 and orf73 have been implicated in causing a transient block of initiation of host cell
DNA replication.

orf62
orf63
orf61

cI activated transcripts
mnt/arc repressed transcripts
mnt activated transcripts
transcripts whose control is
not understood

Major sequence
similarity

The P22 gene 12 protein is a functional helicase and a homolog of the host dnaB helicase. It is required for phage
DNA replication, but is not homologous to the λ gene P protein.

int

31

The exo protein is an exonuclease which degrades one strand 5' to 3' on double-standed DNA. The native protein is a
torroidal trimer, and its crystallographic structure indicates that it is folded like EcoRV restriction endonuclease.

Ea8.5

The bet protein promotes DNA strand annealing and binds to exo protein. Expression of exo, bet and gam from a plasmid
allows “gene disruption” genetic engineering technology to be efficiently applied to E. coli.

32

37

N-terminal portion of gene 37 protein is similar to phage DNA primases (e.g., phage P4
primase) and the C-terminal portion is similar to herpes- and iridopoxvirus origin-binding
helicases. Gene 37 alone can drive replication of circular plasmids in E. coli, suggesting
that it contains the origin of replication. Gene 37 is essential for both lytic growth and
replication of the prophage plasmid.

repA

The gam gene product inhibits the host RecBCD nuclease.

homologous recombination

The kil gene product causes host cell death by blocking cell division, although DNA and RNA synthesis continue for
some time after the cell is committed to die. Host mutants resistant to the kil product map in cell envelope genes.

33

Essentially all early lytic genes in the early left and right operons are expressed from the
prophage in a lysogen, suggesting that these promoters are never completely off.

non-essential

The cIII gene product is required for establishment of the lysogenic state. It blocks the degradation of cII protein by the
host hflA and hflB proteases. It also stabilizes the host sigma 32 factor, thereby causing the turn-on of the host heat shock
regulon. Translation of cIII portion of the PL message is stimulated by bound RNAseIII.

site specific recombination

*

Ea10 encodes a single-stranded DNA binding protein. Its role in phage infection is unknown, but it is the most abundant
early protein. Its overproduction in a cro minus infection is detrimental to progeny phage production.

ral

ral (restriction alleviation) function modulates the host B and K restriction-modification systems. It appears to stimulate
modification of unmodified progeny phage DNA, but does not do so fast enough to protect unmodified infecting phage.

34

Gene 38 protein (pCB) is the prophage repressor (24% identical to the 933W prophage
repressor), however its overproduction disallows lysogeny and all "early operon" genes
are expressed in an N15 lysogen. pCB binds to operators on either side of gene 38 and
it probably also represses a putative promoter for gene 32. OR has three dyad
symmetric operators and OL has two. Curiously the telRL site strongly resembles a
pCB operator.

PI

35

39

The sieB gene (superinfection exclusion) is transcribed from PsieB in a lysogen and functions to block superinfection by
other phages such as P22 and L.

cB
38

Gene 39 protein has very weak similarity to some lambdoid Cro proteins.

SieB N

*

36

The gene N protein causes RNA polymerase to fail to stop at most terminators. This antitermination requires several host
factors (NusA, NusB, NusE, NusG proteins) and only occurs downstream of, and in cis to nut (N utilization) sites. N protein is metabolically unstable, and appears to adopt a folded conformation only upon binding of a nut site through its Nterminal region. N protein binding at nutL translationally represses the N gene as well as causing antitermination. The N
genes of phages P22, HK97 and λ have a low degree of similarity to each other and utilize different nut sites.

Q
40

Gene 40 protein is 24% identical to phage 82 Q transcription antitermination protein.

The rexA and rexB genes (for restriction of exogenous phage) are expressed in a lysogen and are not known to play any role in
lytic growth. Their gene products block superinfection by phages φ80, P22, L, and some T4 mutants. Exclusion by rex
function causes a reduction in total macromolecular synthesis about 20 min after superinfection and requires some DNA
replication by the superinfecting phage. λ itself requires red and ren function to be fully immune to rex exclusion. Phages 434
and HK97 have non-homologous genes, hex and 48/49 respectively, in this position.

rexB

37

41

Gene 41 protein has similarity to DNA polymerase ε subunit and the product of phage
186 orf3.

lysogenic conversion

The cI gene encoded prophage repressor binds to operators OR and OL to repress transcription from PR and PL. It activates
transcription of PRM when bound to OR2. It binds its operators through a helix-turn-helix N-terminal domain, and dimerizes
though its C-terminal domain. The cI gene is expressed from PRM in a lysogen and PRE during establishment of lysogeny.
During ultraviolet light induction, activated recA protein binds cI protein and induces an autoprotease in its C-terminal domain
that cleaves the cI protein peptide backbone thus separating the C- and N-terminal domains.

42

Gene 42 protein is 25% identical to phage HK022 early left operon gene 32 protein.

qut

PR'

Q

The cro encoded repressor binds to the OR and OL operators (each operator has three tandem individual operators, each
of which contains two half-sites and binds two Cro monomers) where it represses early transcription without activating
PRM, thus promoting lytic growth. Cro is responsible for turning off early functions late in lytic development.

⇓

43

A transposon analysis of the gene 41-51 region indicated that most if not all genes
in the “early right operon” are not required for lytic growth or establishment or
maintenance of lysogeny.

38

About 50 AA's of gene 45 protein is 63% identical to the C-terminus of the phage H19J
orf688 protein.

cII

39

46

The cII protein is a central player in the establishment of lysogeny. It activates transcription from PRE (resulting in a high rate of
cI protein synthesis), PaQ (making an antisense translational repressor of gene Q ) and PI (turning on int, but not xis). The metabolic stability of cII protein is controlled by the activity of the host hflA and hflB (ftsH) proteases. Stability of the cII message is
controlled by the Poop antisense RNA (polyadenylated by host Pnc enzyme which speeds decay) and RNaseIII.

44 45

45.1

Gene 46 protein is 30% identical to orfD protein (function unknown) encoded by E.
coli plasmid pKM101.

ren

The gene O protein binds through its N-terminal domain to four iterons in the origin (ori) of replication. The bound O
protein recruits P protein to the replcication initiation structure. O protein is metabolically unstable and disappears quickly
after its synthesis stops. There is partial readthrough of this gene’s UGA stop codon to give a slightly longer O protein. The
Poop promoter overlaps a binding site for the host LexA protein, and its activity may be regulated by DNA replication.

cro

40

The gene P protein binds the O protein–ori DNA complex and recruits the host dnaB helicase to the replication complex. The
host dnaK/dnaJ/grpE molecular chaperone is then required to interact with P protein for successful initiation of replication.

DNA replication

The ren function protects λ from rex exclusion. It has been argued that it affects DNA metabolism.

47

Genes 48 and 49 are homologous to similarly juxtaposed genes of unknown function
on Lactococcus lactis plasmid pSRQ802 and other bacterial chromosomal locations.

26
ninB

41

50

The orf gene function allows homologous recombination to occur in recF, R or O defective hosts.

48 49

Gene 50 is similar to a gene of unknown function on Shigella sonnei plasmid pCol1b-P9.

Proteolytic
cleavage site
Promoter or
putative
promoter

290
ninC

42

**

51

Gene 52 is similar to adenine methylase genes.

This nonessential region between genes P and Q is known as the nin region after the nin (N independent) deletions which
remove parts of this region. These deletions remove terminators, most notably tR2, which N protein normally
antiterminates. The orfs in this region have short overlaps and appear to be potentially translatable, in that each has a reasonable Shine-Dalgarno sequence. With the exception of ren, orf, rap and orf221, the roles of these genes are not known.
Evolutionary arguments suggest they do encode proteins that serve some function: synonomous codon differences
between phages are more common than non-synonomous differences, and natural exchanges between lambdoid phages in
this region have occurred nearly exactly at the gene boundaries.

non-essential

rap probably functions in recombination and encodes aHolliday resolvase. Phage HK97 carries a non-homologous
putative Holliday junction resolvase at this location.

52

Gene 53 is similar to many holin genes in that it has a double translation start and the expected
hydrophobicity pattern.

68

43

53
53'

Gene 54 protein is 80% identical to the QIN encoded lysozyme (E. coli K12 gene b1553).

cI

44

Orf221 encodes a protein serine/threonine phosphatase with sequence similarity to a mammalian phosphatase. Its biological
role is unknown, but its atomic structure is known.

54

Gene 55 protein is 51% identical to a gene in this position of defective prophage QIN (E. coli
K12 gene b1554).

The Q gene product antiterminates the PR transcript by acting at the qut site, where it recognizes nucleotides in the nontemplate strand. It allows late gene expression from PR’. The transcript whose synthesis is stimulated by cII protein at PaQ
serves as an antisense RNA translational repressor of gene Q (and hence late gene expression) as lysogeny is being
established.

M V R A N K R N E
CAATTGTTATCTAAGGAAATACTTACATATGGTTCGTGCAAACAAACGCAACGAG
GTTAACAATAGATTCCTTTATGAATGTATACCAAGCACGTTTGTTTGCGTTGCTC
-10
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Rz
S'

S
64

57
55

Gene 55.1, out of frame with gene 55, is circumstantially similar to λ gene Rz1.

55.1 56

Gene 57 has a patch of similarity to Mycobacterium phage TM4 gene 50.

Constitutive sigma 70 transcripts
N antiterminated transcripts
Q antiterminated transcripts
cII activated transcripts
cI repressed transcripts
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small
Rz1

R

There are two in-frame translation starts for the S reading frame. The longer protein inhibits the action of the shorter one,
which is called holin and which inserts into and creates holes in the inner membrane through which R protein escapes to
perform its function. The ratio of S and S’ proteins is thought to be involved in the exact timing of cell lysis. The phage 21
S gene encodes two nonhomogous proteins with identical function. Expression of the short S’ gene is lethal to E. coli.

45

58

*

R encodes a transglycosylase which cleaves the same location in the polysaccharide portion of peptidylglycan as lysozyme.
Its X-ray structure is known; its fold is somewhat related to, but different from true lysozymes.

lysis

Rz is required for cell lysis in the presence of divalent metal ions. Its detailed function is not known.

46

59

Rz1 is within, but out-of-frame with the Rz gene. It is required in the same way that Rz is required in lysis.

Gene 58 is similar to cytosine DNA methyase genes.

Genes
transcribed
leftward(down)

bor

The bor gene protein is a lipoprotein (lipidated at the N-terminus generated by cleavage of its type 2 signal sequence) in
the outer membrane of λ lysogens. It confers serum resistance upon the host.

non-essential

This poster is an illustration for the chapter ‘Bacteriophage lambda and its genetic neighborhood’ by
R. Hendrix and S. Casjens, in The Bacteriophages 2nd Edition, Richard Calendar, Ed., Oxford University Press, 2003

Gene 59 has weak similarity to lambdoid phage J genes.
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