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Abstract

The genome of enterobacterial phage T1 has been sequenced, revealing that its 50.7-kb terminally redundant, circularly permuted
sequence contains 48,836 bp of nonredundant nucleotides. Seventy-seven open reading frames (ORFs) were identified, with a high
percentage of small genes located at the termini of the genomes displaying no homology to existing phage or prophage proteins. Of the genes
showing homologs (47%), we identified those involved in host DNA degradation (three endonucleases) and T1 replication (DNA helicase,
primase, and single-stranded DNA-binding proteins) and recombination (RecE and Erf homologs). While the tail genes showed homology to
those from temperate coliphage N15, the capsid biosynthetic genes were unique. Phage proteins were resolved by 2D gel electrophoresis, and
mass spectrometry was used to identify several of the spots including the major head, portal, and tail proteins, thus verifying the annotation.

© 2003 Published by Elsevier Inc.
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Introduction

Enterobacterial phage T1 (originally called phage alpha)
is one of the original seven T phages named by Delbriick
(Delbriick, 1945; Delbriick and Luria, 1942). T1 is not
related to any of the other T phages and it remains the least
studied of that group. T1 exhibits an average latent period of
13 min and produces a burst of about 100 progeny phage
after infecting sensitive strains of Escherichia coli (Borchert
and Drexler, 1980; Delbriick, 1945; Roberts and Drexler,
1981D). It also can infect some strains of Shigella dysenter-
iae. A member of the Family Siphoviridae, the T1 virion has
a polyhedral head 55-60 nm in diameter with a flexible
noncontractile tail 150 nm in length and 7 nm in diameter.
Thirteen to 15 structural proteins are contained in the mature
virion (Martin et al., 1976; Toni et al., 1976; Wagner et al.,
1977). Previous studies determined the genome size to be
approximately 48.5 kilobase pairs with a terminal redun-
dancy of 2800 + 530 bp (MacHattie et al., 1972). Using
amber mutants of T1, it was demonstrated that this phage
could transduce various bacterial markers and prophages
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from permissive donors to nonpermissive recipients (Bendig
and Drexler, 1977; Drexler, 1970; Drexler and Christensen,
1979).

T1 initiates infection by reversibly binding to the FhuA
outer membrane ferrichrome iron receptor of E. coli. Trans-
fer of the phage through the outer membrane is facilitated by
TonB and is coupled to the proton motive force of the
cytoplasmic membrane (Hancock and Braun, 1976; Hantke
and Braun, 1978). Shortly after T1 DNA enters infected
cells, host DNA and protein synthesis are rapidly inhibited
(Figurski and Christensen, 1974; Wagner et al., 1977).
Phage specific mRNA synthesis using the host RNA poly-
merase begins shortly after infection and appears to be
independent of phage DNA synthesis (Wagner et al.,
1977). How T1 controls the expression of its genes is not
precisely known. The approximately 31 T1 specific proteins
detected in infected cells have been roughly classified based
on their time of appearance as early, early—late (continu-
ous), and late (Martin et al., 1976; Toni et al., 1976; Wagner
et al., 1977).

Initiation of phage specific DNA synthesis occurs inde-
pendent of the products of E. coli genes dnaA, dnaB, dnaC,
and dnaT but T1 DNA elongation requires the presence of E.
coli polymerase III as well as the dnaG encoded primase
(Bourque and Christensen, 1980). Genes / and 2 (according
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to the previous gene numbering system and hereafter referred
to in this report as og / and 2 for original gene designation)
of T1 are required for DNA synthesis. Mutants (designated
DO) defective in these genes do not synthesize phage DNA
(Figurski and Christensen, 1974; Walling and Christensen,
1981). About 60% of the nucleotides in T1 genomes are
derived from the degradation of the E. coli chromosome
(Christensen et al., 1981; Labaw, 1951). Mutations in host
genome degradation were originally discovered because they
enhance rates of transduction of host genes and they map to
og 2.5 (Roberts and Drexler, 1981a,b). Degradation of the
host chromosome is coupled to the ongoing synthesis of new
T1 specific DNA and will not occur if T1 DNA production is
blocked (Christensen et al., 1981). DA or DNA arrest
mutants defective in og 3.5 and 4 begin DNA production
normally but soon after halt the process and fail to produce
progeny phage (Figurski and Christensen, 1974; Ritchie et
al., 1980). These genes also encode a general recombination
function Grn that is functionally similar to the N Red and E.
coli RecE systems. The products of og 3.5 and 4 (designated
as Pog 3.5 and 4) participate in recombining newly synthe-
sized T1 genomes at their terminally redundant ends into
multimeric concatemers from which monomers are packaged
into phage heads (Pugh and Ritchie, 1984a; Ritchie and
Joicey, 1978).

A partial model for T1 capsid formation has been
reported by Ramsay and Ritchie (1984). They proposed
the initial assembly of a prohead containing 250—300 copies
of a 33-kDa molecular weight major capsid protein. Next,
the products of up to six T1 genes appear to be required for
the association of proheads with DNA concatemers. The
completion of mature head formation requires the presence
of two proteins. One of these is the 16-kDa molecular
weight Pog 73.3. The original gene designated /3.3 has
been shown to encode a head protein necessary for headful
cleavage (Ramsay and Ritchie, 1983). The second protein
necessary to complete head assembly is Pog /2 and it
appears to stabilize filled heads. The major component of
the tail is a 26-kDa molecular weight protein. The details of
T1 tail assembly have not been determined.

Packaging of T1 DNA into proheads occurs by a headful
mechanism. It begins at the pac site located between og 1
and 2 and proceeds unidirectionally toward og /. The first
headful is terminated and progressive packaging results in
one to three additional headfuls of DNA, each with a full
genome plus about 6.1% terminal redundancy (2.8 kb +
530 bp) being packaged from the same concatemer (Gill and
MacHattie, 1976; MacHattie and Gill, 1977). The pip muta-
tion of T1, which maps between og 2.5 and 3, reduces the
efficiency of packaging initiation at pac and prevents proc-
essive packaging of the second and successive headfuls
(Drexler and Christensen, 1986).

The first T1 genetic map was developed by Michalke
(1967) who placed amber mutations into 19 separate genes
with the map reading from gene / (og /) on the left to og 19
on the far right. He observed a high rate of recombination

between markers at either end of the map, a phenomenon he
could not fully explain. Figurski and Christensen (1974)
later eliminated one of the genes and assigned functions to
the remaining 18. As is common in bacteriophage genome
organization, they found a clustering of functionally related
genes with og /, 2, and 4 governing the T1 early functions
of DNA metabolism. Original genes 3 and 5—// were found
to encode tail functions and og 4 and /2—18 were found to
govern the production of heads. Several additional genes
have been found and given decimal numbers. They are: og
2.5 involved in DNA degradation (Roberts and Drexler,
1981a,b), the pip function mapping between og 2.5 and 3
and necessary for processive packaging of DNA (Drexler
and Christensen, 1986), og 3.5 necessary for formation of
concatemeric DNA (Ritchie et al., 1980), og 7—8 and /1.5
required for tail assembly, and og /3.3, /3.7, and /4.5
encoding head functions (Ritchie and Joicey, 1980). The Ar
mutation allows T1 to infect fonB cells and is located among
tail genes in the vicinity of og 5 (Figurski and Christensen,
1974). Restriction mapping studies of T1 confirmed the
circularly permuted nature of the genome and identified the
pac site where DNA packaging is initiated (Ramsay and
Ritchie, 1980). The genetic and physical maps of T1 were
correlated using cloned restriction fragments to rescue
amber mutations in all the known genes (Liebeschuetz and
Ritchie, 1985).

To date, the sequences of only two T1 genes and their
implied proteins have been published (Gassner et al., 1998;
Scherzer et al., 1987; Schneider-Scherzer et al., 1990). One
of these is the early gene (map location between og 2 and 3)
for a DNA N-6-adenine-methyltransferase. Partially over-
lapping this gene is a second open reading frame (ORF)
coding for a putative protein with sequence homology to N\
exonuclease. In this publication, we report the complete
annotated sequence of the T1 genome and a partial analysis
of the proteins of the T1 virion.

Results and discussion
Presentation of genetic map

If the genetic map is presented in the classical manner
(Drexler, 1988; Roberts, 2001), the majority of the genes
were on the complementary strand and the gene order was
“Tail-Head—Terminase” rather than the more usual “Ter-
minase—Head—Tail.” The reverse complement of the se-
quence was trimmed of redundant sequence of this
terminally redundant, circularly permuted genome. To
define the “left end” of the genome, we initially used
data from Ramsay and Ritchie (1980). Their restriction
analysis suggested that the terminal Bg/I-D and Bg/lI-D
fragments were 5.95 and 3.41 MDa which correspond to
9015 and 5167 bp, respectively. DNA sequence was
transposed from the 3fend to the 5’end to result in a
sequence that corresponds to the Ramsay and Ritchie
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restriction map. Subsequently, digestion with Ps#l, Sall,
and EcoRI confirmed the location of the left end of the
molecule.

DNA analysis

The T1 genome is terminally redundant and circularly
permuted with a reported length of 46.9-49.5 kb (Drexler,
1988; MacHattie et al., 1972; Roberts, 2001) Digestion with
Pstl suggests that the mass is 50.7 kb, and our finding that
the unique sequence of T1 is 48,836 bp suggests that the
terminal repeats at 1.9 kb are shorter than the 2.8 kb
previously suggested.

The overall base composition of T1 DNA (45.6 mol%
GC) is somewhat less than that of the host (51 mol% GC)
and the predicted value calculated from the DNA melting
temperature (48%, Drexler, 1988). The AT content profile
exhibits two spikes: the first is located within the predicted
left terminal repeat while the other is found at approxi-
mately 30 kb. The latter corresponds to the approximate
position of the Cor homolog and will be discussed later
(Table 1, Fig. 1).

In silico restriction analysis revealed that Apal, BamHI,
BstEIl, Kpnl, Sacl, Sacll, Sphl, and Xbal do not cut the
sequence. A characteristic of many of these sites is a central
GC but this dinucleotide is not significantly underrepresent-
ed in the T1 genome. Other common restriction endonu-
cleases that have a limited number of restriction sites
include: Ncol and Stul (1 site), EcoRI, Ndel, Mscl, Pstl,
Smal, and Xhol (two sites), HindIll and Sa/l (three sites). In
addition, the DNA does not contain EcoBI [TGA(NS)
TGCT] or EcoKI [AAC(N6)GTGC] sites answering the
old question about how this phage escapes the common
type I restriction endonucleases present in its hosts. Other
type I restriction endonucleases that only cut once are
EcoAl (GAG(N7)GTCA) and EcoDI (TTA(N7)GTCY,
while others such as EcoDXXI and EcoR1241 theoretically
cut frequently. It is noteworthy that while our calculated
Bgll/Bgl/ll map closely resembles the published T1 maps,
the number of sites for EcoRI and Pst is one less, and
HindIIl cuts once more than measured by Ramsay and
Ritchie (1980). This suggests that the T1 in the Felix
d’Herelle Reference Center for Bacterial Viruses may be a
variant of the strain most commonly studied (Ramsay and
Ritchie, 1982).

The T1 sequence contains a significant number of direct
repeats (DRs) including tandem 80 bp DRs that map to
orf33 (fibA), which encodes a putative tail fiber. This
protein contains two repeats of the following amino acid
sequence TETEALSREIDQLKAQIGDDIQASLTDIRE at
positions 927-956 and 960—989 which overlap the nucle-
otide repeat. It is not uncommon for tail fiber proteins to
contain repeat sequences (Makhov et al., 1993). Using
Radar (Rapid Automatic Detection and Alignment of
Repeats (Heger and Holm, 2000) at its website http://
www.ebi.ac.uk/Radar/index.html#), repeats were found in

a number of proteins designated as tail fiber proteins in
GenBank, including gpH from enterobacterial phage P2
(Table 1, Fig. 1).

Two other shorter repeats with the following consensus
sequences AATAGCACNNNTTGNTAAAWC (20 occur-
rences) and TtWWNCAAAAAGT-GcTAt (five occurren-
ces) were found but their significance remains unknown.

Genes

Since extensive phage genetics and proteomic analyses
have already been carried out on coliphage T1, we are faced
with the problem of the annotation of genes discovered
during this research and their correlation with the previously
numbered genes. While only two genes had been sequenced
previously, 24 had been identified and mapped. The present
study has identified 77 ORFs. It was decided to renumber
the latter, but also to provide, where possible, a correlation
with previously described gene loci.

Three criteria were used to define potential ORFs. They
had to: (a) contain >30 codons, (b) be preceded by a
sequence displaying similarity to the consensus ribosome-
binding site [RBS, TAAGGAGGT; (Shine and Dalgarno,
1974, 1975)], and (c¢) employ ATG, GTG, or TTG as
initiation codons. The majority of the 77 ORFs (Table 1)
were identified using WebGeneMark. HMM (Lukashin and
Borodovsky, 1998) while the remainder (16%) were recog-
nized by visual inspection of the DNA sequence. As with
other phage genomes, the genes of T1 were densely packed
with many incidences of overlapping sequences. One un-
usual characteristic of the genes of this bacteriophage was
the high percentage of small ORFs, which were particularly
prevalent at the ends of the genome. Thirty-four percent of
the T1 ORFs would result in proteins of less than 100 amino
acid residues. ATG was the predominant initiation codon
with only two ORFs beginning with GTG (orf22 [helA],
orf43) and a single one with TTG (orf17). The predominant
termination codons were UAA (65%) and UGA (27%).
While codon usage superficially resembled that of the host,
notable exceptions occurred: The preferred T1 Leu codon is
CUU, while it is CUG in the host, other examples include
Pro CCU/CCG (T1/host), Thr ACU/ACC, Lys AAG/AAA,
Ala GCU/GCG, and Gly (GGU/GGC) which is perhaps
expected for a genome with a higher AT-content.

Forty-seven percent of the putative T1 genes resulted in
BLASTP hits, but with few exceptions these showed a low
degree of sequence similarity to their “homologs.” The
exceptions were the genes that we assume are involved in
tail assembly which show >40% sequence identity usually
to corresponding proteins from coliphage N15 (Ravin et al.,
2000). The other gene showing a high degree of relatedness
is orf12 (lys) that encodes a lysozyme-like protein. The high
number of proteins (7) showing transmembrane domains
warrants further study. In the following sections, we will
discuss the genetic organization of T1 from a modular
perspective.
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Location of the genes of coliphage T1 and characterization of the proteins

Orf no. Begin  End Protein mass/ Motifs Function Homologs % Identity
amino acids/p/
77 539 1114 21,072/191/5.8 - - -
76 1127 1453 12,256/108/8.1
75 1532 1762 8732/76/5.0 - - -
74 1768 1995 8697/75/9.9 - - -
73 1992 2102 4018/36/5.4 One transmembrane - -
domain
72 2099 2272 6048/57/4.5 Prosite: PS00013 - -
PROKAR_LIPOPROTEIN
(Prokaryotic membrane
lipoprotein lipid
attachment site)
71 2344 2832 18,048/162/5.4 - - -
70 2904 3389 17,932/161/7.4 - - -
69 3389 3538 5661/49/8.5 - - -
68 3619 3993 13,747/124/9.9 One transmembrane - -
domain
67 4047 4157 4165/36/4.0 One transmembrane - -
domain
66 4142 4360 8074/72/7.9 - - -
65 4418 4864 17,232/148/8.4 - - -
64 pseT 4948 5478 20,096/176/5.5 BLOCKS: IPB000150: Putative Mycobacterium 242
Hypothet_cof exonuclease III or smegmatis phage
polynucleotide Bxzl gene = 244
kinase/phosphatase (NP_818294);
Streptomyces 26.7
avermitilis gene =
SAV732
(NP_828503);
Escherichia coli 15.3
phage T4 gene =
pseT (NP_049834)
634 endC 5465 5959 18,790/164/10.2  pfam01844, HNH, HNH Xanthomonas oryzae 37.6
HNH endonuclease endonuclease phage Xpl10 gene =
57R (NP_859005);
Xanthomonas oryzae 37.1
phage Xp10 gene =
17R (NP_858964);
Xanthomonas oryzae 339
phage Xpl0 gene =
49L (NP_858997);
Yersinia enterocolitica 31.3
phage ¢$YeO3-12
gene = /.45
(NP_052076)
63B 5702 5959 Alternative start
62 dnk 5962 6534 21,687/190/5.2 Blocks: Putative kinase Escherichia coli 22.5
IPB002891APS _kinase phage T5 gene = dnk
Prosite: PS00017 (AAN17765)
(ATP/GTP-binding site
motif A [P-loop].
61 6607 6816 7888/69/3.7 - - -
60 6813 7157 13,090/114/6.4 - - -
59 7157 7387 8832/76/9.3 - - -
58 7387 7590 7433/67/5.0 - - -
57 7755 71916 5959/53/9.5 - - -
56 7939 8082 5213/47/5.8 - - -
55 8084 8311 8155/75/9.7 One transmembrane - -

domain
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Orf no. Protein mass/

amino acids/p/

Begin  End

Motifs

Function

Homologs % Identity

54 terS 8396 8920 19,272/174/5.0

53 terL 8945 10,528 60,801/527/6.2

52 10,583 11,866 48,014/427/4.7

51 11,856 12,617 29,013/253/9.5

50 12,620 13,732 40,100/370/5.0

49 13,744 14,220
48 14,282 15,049

17,007/158/4.9
26,588/255/4.3

47 15,140 16,099 35,290/319/5.7

46 16,150 16,437 10,588/95/4.7

Tigrfam: TIGR01630
psiM2_ORF9

Tigrfam: TIGR0O1555
phge_rel _HI1409
(phage-related protein,
HI1409 family)

Prosite: PS00017
ATP_GTP_A [ATP/GTP-
binding site motif A;
Tigrfam: TIGR0O1641
(phageSPP1_gp7,
phage putative head
morphogenesis protein,
SPP1 gp7 family)
COG: COG2369,
Uncharacterized protein,
homolog of phage Mu
protein gp30

pfam02368 Bacterial
Ig-like domain (group 2)

Terminase
(small subunit)

Terminase
(large subunit)

Putative
portal protein

Putative phage
capsid
morphogenesis
protein or minor
head protein

Major head
protein

Salmonella phage 28.6
P22 DNA gene = 3

(P04893);

Salmonella phage 27.4
LP-7 gene = 3

(P16937)

Salmonella phage 27.4
ST64T gene = 3

(NP_720325)

Xylella fastidiosa 37.0
gene = XfasA1279
(ZP_00039342);
Novosphingobium 30.4
aromaticivorans

gene = Sarol1993
(ZP_00094970);

Actinobacillus 26.2
actinomycetemcomitans

phage Aaphi23

gene = ferL

(NP_852753)

Salmonella 22.4
enterica subsp. enterica

serovar Typhi

gene = STY2039

(NP_456399);

Shigella flexneri 22.1
2a str. 301 SF0670

(NP_706598)

Deinococcus 25.3
radiodurans

gene = DRA0097

(NP_285420)

Mesorhizobium 29.3
loti gene = mlr8006
(NP_108196);

Listeria innocua gene = 27.0
linl1728 (NP_471064);

Xylella fastidiosa gene = 25.6
XF1575 (NP_298864)

Yersinia pestis 22.0
gene = YPO2116

(NP_405664)

Xylella fastidiosa gene = 23.7
XF1577 (NP_298866);
Enterococcus faecalis 23.5
gene = EF1463

(NP_815184);

Novosphingobium 22.6
aromaticivorans gene =
Saro3167 (ZP_00096129)

(continued on next page)
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Orf no. Begin  End

Protein mass/
amino acids/p/

Motifs

Function

Homologs

% Identity

45 16,482 16,892

44 16,892 17,263

43 17,256 17,699

18,087
18,758

42 17,689
4] 18,090

40 18,872 19,189

39 19,339 19,505

38 ttm

19,547 22,420

37 22,423 22,776

36 22,856 23,638

35 23,635 24,369

15,435/136/8.0
13,815/123/4.9

16,437/147/9.1

15,169/132/8.6
24,067/222/4.4

11,972/105/5.7
6320/55/4.7

103,663/957/5.6

12,982/117/5.1

29,027/260/7.1

28,317/244/6.0

Prosite: PS00029
Leucine zipper

Tigrfam: TIGR01541
(tape_meas_lam_C)

Tigrfam: TIGR01600
Phage_tail _L

pfam00877, NLPC_P60,
(NLP/P60 family)

Putative major
tail protein

Tail tape measure

protein

Minor tail protein

Minor tail protein L

Minor tail protein

Yersinia pestis gene =
YPO2113 (NP_405661)
Pseudomonas syringae
pv. tomato gene =
PSPTO2080 (NP_791903);
Yersinia pestis gene =
YPO2114 (NP_405662);
Pseudomonas syringae
pv. syringae

gene = Psyr3313
(ZP_00127002)
Ralstonia solanacearum
gene = RSc1689
(NP_519810);
Pseudomonas syringae
pv. syringae B728a
gene = Psyr3312
(ZP_00127001);
Yersinia pestis gene =
YPO2116 (NP_405664)
Yersinia pestis gene =
YPO2117 (NP_405665)
Yersinia pestis gene =
YPO2118 (NP_405666)
Escherichia coli phage
N15 gene = 16
(NP_046911);
Escherichia coli

phage gene = H
(NP_040595);
Escherichia coli
CFT073 gene = c1585
(NP_753493)
Escherichia coli

phage N15 gene = /7
(NP_046912);
Escherichia coli phage
$E125 Gpl6
(NP_536372);

Yersinia pestis

gene = YPO2120
(NP_405668)
Escherichia coli phage
NI15 gene = 18
(NP_046913);
Escherichia coli

phage HK97 gene = 18
(NP_037712);
Escherichia coli

phage HKO022 gene = 18
(NP_037678)
Escherichia coli phage
HKO022 gene = 19
(NP_037679);
Escherichia coli phage
HKO97 gene = 19
(NP_037713);
Escherichia coli phage
NI15 gene = 19
(NP_046914);

28.2

27.2

20.5

32.0

28.8

25.6

24.8

24.7

34.7

444

43.9

41.6

45.9

45.5

45.2
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Orf no.

Begin

End Protein mass/

amino acids/p/

Motifs

Function

Homologs

% Identity

34

33 fibA

32

31

30 cor

29 recE

28 erf

27 ssb

26 fibB

25

24,366

25,043

28,607

28,912

29,623

30,378

31,484

32,211

32,695

34,934

24,964 20,896/199/8.9

28,561

28,912 10,736/101/4.6

29,601 24,116/229/9.1

29,850 C  8333/75/8.7

31,442 40,218/354/5.0

32,164

25,222/226/8.5

32,633 16,151/140/6.4

34,881 C 77,957/728/4.9

34,791 C  5598/47/8.2

130,143/1172/4.7

two transmembrane
domains

pfam01576, Myosin_tail;
smart00060, Fibronectin
type 3 domain

Prosite: PS00013
PROKAR_LIPOPROTEIN
(Prokaryotic membrane
lipoprotein lipid
attachment site)

Prosite: PS00013
(Prokaryotic membrane
lipoprotein lipid
attachment site)

pfam04404 Erf
superfamily

(DNA single-strand
annealing proteins)

Putative tail
assembly protein

Tail fiber

Cor homolog

RecE;
Exodeoxyribonuclease
VIII (putative)

Recombination

Single-stranded
DNA binding protein

Tail fiber

Yersinia pestis

gene = YPO2129
(NP_405677);
Escherichia coli phage
HKO022 gene = 2/
(NP_037681);
Escherichia coli

phage N15 gene =

20 (NP_046915)
Escherichia coli phage
HKO022 gene = 24
(NP_037684);
Escherichia coli phage
NIS5 gene = 21
(NP_046916);
Escherichia coli

phage HK97 gene =

24 (NP_037717)
Escherichia coli phage
NI5 gene = 22
(NP_046917);
Escherichia coli phage
HKO022 gene = 25
(NP_597886)
Escherichia coli phage
NI5 gene = 23
(NP_046918);
Escherichia coli phage
HKO022 gene = 26
(NP_597887)
Escherichia coli phage
NI15 gene = cor
(NP_046919);
Escherichia coli phage
HKO022 gene = cor
(NP_037685)
Legionella pneumophila
gene = orfB (CAC33454);
Mycobacterium smegmatis
phage Che9c gene = 60
(NP_817737)
Lactobacillus delbrueckii
phage LL-H gene =
orfl78B (AAL77543);
Lactobacillus delbrueckii
phage mv4 gene = orf244
(AAG31330);
Streptococcus pyogenes
phage GNIHI.1 gene =
phiNIH1.1_12
(NP_438125)
Escherichia coli ssb
(NP_052656);
Escherichia coli plasmid
pO157 ssb (T42184)
Escherichia coli phage
HKO022 gene = 28
(NP_597888);
Escherichia coli phage
HK97 gene = stf’
(NP_037718)

46.9

415

41.1

40.6

40.2

35.7

56.4

54.5

52.6

52.4

34.6

34.6

23.7

23.0

26.8

26.4

23.2

27.6

26.0

16.0

15.1

(continued of next page)
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Table 1 (continued)

Orf no. Begin  End Protein mass/ Motifs
amino acids/p/

Function

Homologs

% Identity

24 prid 35,902 34,982 C 34,609/306/6.4 -

23 35,979 36,431 C 17,210/150/10.3 —

22 helA 36,525 38,543 75,917/672/7.0 Prosite: PS00017—
ATP/GTP-binding site
motif A (P-loop); Pfam:
PF00270 DEAD/DEAH
box helicase; PF00271
Helicase conserved
C-terminal domain

21 38,540 38,956 15,805/138/8.6 -

20 dam 39,024 39,737 27,006/237/6.2 Prosite: PS00092 (N-6
Adenine-specific DNA
methylases signature)

19 39,734 39,985 9730/83/4.2 -

18 40,052 40,261 7907/69/8.2 -
17 40,456 40,743 10,714/95/4.9 -
16 40,822 41,955 42,354/377/6.4 -

15 endA 42,028 42,510 18,941/160/9.1 pfam01844 HNH
endonuclease

14 42,583 42,759 6600/58/5.7 -

13 hol 42,878 43,093 7577/71/9.3 Single transmembrane
domain

12 Iys 43,093 43,581 18,330/166/9.5 pfam00959,
Phage_lysozyme;
Blocks: IPB002196:
Phage_lysozyme

11 43,581 43,982 14,175/133/8.6 Single transmembrane
domain
10 44,512 44,105 C 16,196/135/9.1 -

DNA primase

NTP-dependent
helicase

Dam methylase

Endonuclease

Holin (putative)

Endolysin

N.B.: Homology only
at N terminus to:
Escherichia coli
O157:H7 gene =
ECs0303 (NP_308330);
Escherichia coli
prophage CP-9331

gene = Z0339
(NP_285990);
Escherichia coli cryptic
prophage phi-R73 DNA
primase (C41830)
Escherichia coli
CFT073 gene = yejH
(NP_754607);

Shigella flexneri

gene = SF2271
(NP_708083);
Escherichia coli O157:H7
EDL933 gene = yejH
(NP_288767)

Phage T1 Dam
(AAA87390);
Haemophilus influenzae
phage HPI gene = orfl3
(NP_043482);
Haemophilus influenzae
phage HP2 gene = dam
(AAK37795)

Phage T1 protein HP 83
(AAA87391)

Novosphingobium
aromaticivorans gene =
Saro1979 (ZP_00094956)
Xanthomonas oryzae
phage Xp10 gene =

17R (NP_858964);
Xanthomonas oryzae
phage Xpl10 gene = 57R
(NP_859005);

Yersinia enterocolitica
phage $YeO3-12 gene =
1.45 (NP_052076)

Escherichia coli
prophage CP-933K
gene = Z0960
(NP_286508);
Salmonella typhimurium
phage PS119 gene = 19
(LYCV_BPPS1);
Salmonella typhimurium
phage PS34 gene = /9
(LYCV_BPPS3)

14.3

14.4

13.3

26.0

25.9

100*

28.0

27.6

100

26.8

27.6

433

40.5

39.9
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Table 1 (continued)

Orf no. Begin  End Protein mass/ Motifs Function Homologs % Identity
amino acids/p/
9 44,517 46,085 C 58,043/522/6.5 Merops: Unassigned - Streptomyces laurentii 22.0
peptidase M22 gene = orfl542
(BAC21271);
Nitrosomonas europaea 21.1
gene = Neur(222
(ZP_00002071)
8 endB 46,085 46,624 C 20,981/179/10.2  Smart: SM0507 HNH HNH endonuclease Xanthomonas oryzae 34.4

family of nucleases;
pfam01844 HNH

endonuclease

46,621 47,037 C 15917/138/9.0 -
47,118 47,327 C 8033/69/3.3 -
47,331 47,555 C 8024/74/10.1 -
47,633 47,776 C  5430/47/9.5 -
47,773 48,093 C 11,889/106/9.7 -
48,110 48,310 C 7606/66/9.3 -
48,303 48,674 C 13,857/123/4.8 -

~N W R Ly N

phage Xp10 gene =

57R (NP_859005);

Xanthomonas oryzae 32.8
phage Xpl0 gene =

17R (NP_858964);

Xanthomonas oryzae 31.4
phage Xpl0 gene = 49L
(NP_858997)

Yersinia enterocolitica 29.4
phage $YeO3-12 gene =

1.45 (NP_052076)

Frameshifiing

Programmed frameshifting is a phenomenon associated
with translation, in which a stalled ribosome usually slips +1
or —1 and continues translating the message resulting in a
protein with an altered carboxyl terminus. This requires a
“slippery” sequence (XXY YYZ where X, Y, and Z can be
the same nucleotide) and a downstream pseudoknot (Alam
et al., 1999; Farabaugh, 1996; Harger et al., 2002). Coli-
phage lambda uses programmed ribosomal slippage at
GGGAAAG to produce the gpG-T tail protein (Levin et
al., 1993). While this motif occurs six times in T1, none of
the occurrences would logically lead to a fusion protein. On
the other hand, AAA AAA GAG (LysLysGlu) occurs in
orfl8 and orfll and in both cases ribosomal slippage could
generate fusion proteins involving +1 and —1 slippage,
respectively. While both had downstream stem—loop struc-
tures, pknotsRG (Jens Reeder and Robert Giegerich; http://
bibiserv.techfak.uni-bielefeld.de/pknotsrg/) revealed that on-
ly orfll has a downstream sequence which would form a
pseudoknot. Translational slippage would result in slightly
larger protein terminating in kheKKGGVSLLSYLYLLT
rather than kheKKEA.

DNA replication and recombination

T1 encodes several proteins that play roles in DNA
metabolism including its degradation, synthesis, and re-
combination. Our analysis of the T1 genome reveals
several genes potentially involved in nucleotide metabolism

including orf64 which may be a polynucleotide kinase or
phosphatase.

Initiation of DNA duplication involves the coordinated
accumulation of replication-associated proteins at the origin
of replication (Ori). In the case of E. coli, this entails the
initial binding of the replisome organizer protein DnaA to
tandem nucleotide motifs (DnaA-binding sites, consensus:
TTATMCAMA; Brassinga et al., 2002) and the subsequent
localized melting of the DNA duplex at adjacent, repetitive
sequences called iterons (Carr and Kaguni, 2001, 2002). A
domain located at the N terminus of DnaA permits associ-
ation with DnaB (helicase) (Sutton et al., 1998) or a
complex of DnaB with the helicase-loading protein DnaC.
Other proteins added to the replication complex include
clamp-loading protein (DnaX; PolC proteins T and 1),
clamp-binding protein (DnaN), DnaG (DNA primase), sin-
gle-strand binding protein (SSB), and DNA polymerase III
(PolC).

The work of Bourque and Christensen (1980) showed that
host Pol C, and DnaX and DNA primase were required for
T1 replication, while dnad, dnaB, dnaC, and dnaT (Prima-
somal protein i) were not. The genomic sequence of T1
contains only a single copy of a potential DnaA-binding site,
within orf76, suggesting why replication is independent of
this protein. The replication of many other phages including
P22 (Schanda-Mulfinger and Schmieger, 1980), P4 (Toc-
chetti et al., 1999), and SPP1 (Pedre et al., 1994) is also
known to be independent of host DnaA protein.

Orf24 (prid) encodes a 306-amino-acid protein with
homology to prophage and bacteriophage primases. Based
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Fig. 1. Genetic map of the T1 genome. The arrows on or below the map line are colour-coded as follows: black (no homolog), gold (DNA breakdown,
replication, or recombination), brown (packaging), blue (capsid biosynthesis), purple (tail synthesis), light blue (conversion), and green (homolog but no
defined function). The vertical black rods topped with open circles indicate the presence of rho-independent terminators, while the slim red arrows above the

map line indicate the location of putative promoters.

upon its mass (34.6 kDa), we assume that it is equivalent to
the product of og / [38.0 kDa; (Wagner et al., 1977)]. This
protein is significantly different from the host DnaG protein
(581 aa) in that the latter contains several noteworthy motifs
including the CHC2 zinc finger (Pfam: PF01807) and Top-
rim domains (Pfam: PF01751) while the former is merely
defined as a member of COG4643 (“uncharacterized pro-
tein conserved in bacteria”).

Downstream from orf24 and in the opposite orientation is
a gene (orf22, helA) that clearly encodes an ATP-dependent
helicase, which would explain why T1 grows on dnaB"
hosts (Bourque and Christensen, 1980). This is probably
equivalent to og 2 [65 kDa protein; (Ritchie et al., 1983)].
Interestingly, the early recombinational mapping studies
indicated that these two genes were further apart. Helicases
function to unwind double-stranded nucleotides in a 5'— 3’
or 3'— 5'direction and are classified into five superfamilies
of which T1 gp22 is a member of superfamily II

(COG1061). Each of the proteins in these superfamilies
contains up to seven identified motifs. In gp22, motif 1
(G**KT®*) most probably corresponds to the Walker A box,
which along with the Walker B box (D"**ECH'>!, Motif II),
is involved in interaction with MgATP. Motif VI could be
Q**LLGRGMR**® which bears more than passing resem-
blance to QTIGRAAR from UvrB (Caruthers and McKay,
2002). If this is so, D'** may interact with Q*'*> and R*"”
which could interact with the gamma-phosphate of the
bound ATP.

While these results indicate that T1 gp22 encodes a
helicase, explaining why host dnaB" mutants support phage
replication, it is not obvious why it was possible to isolate
T1 mutants deficient in this apparently “redundant” gene.
Another apparently redundant gene encoding a single-
stranded DNA binding protein maps to the replication
region of the T1 genome. The presence of phage-encoded
SSB homologs is quite common—being found in the
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genomes of coliphages such as T3, T4, and T7. In the case
of the two latter phages, the host SSB cannot substitute for
the phage-encoded SSB (Kong and Richardson, 1998;
Nakai and Richardson, 1988).

The growth of the phage on dnaC® strains of E. coli
presumably reflects the fact that the primosome complex in
T1 replication differs fundamentally from that of its host
(Bourque and Christensen, 1980). Using Grigoriev DNA
skew analysis, the inflection occurs at approximately posi-
tion 36,540, suggesting that the origin of replication in T1 is
located within the helicase gene as it is in Salmonella phage
P22. Phage replication origins are frequently characterized
by iterons such as are found with rlt (Zuniga et al., 2002),
A2 (Moscoso and Suarez, 2000), BKS5-T (Mahanivong et
al., 2001), 31 (Madsen et al., 2001) and TP901-1 (Oster-
gaard et al., 2001) and protein binding motifs. Examples of
the latter include IHF and FIS interaction sites. There is no
evidence for iterons within orf22, nor IHF-binding sites. On
the other hand, there is a site (ATTAAAAAACAGA) that
resembles the FIS-binding site found in the E. coli Ori
(ACTCAAAAACTGA) (Hengen et al., 1997).

Phage T1 encodes a general recombination system
termed “grn” containing two genes og 3.5, which specifies
a 20-kDa polypeptide and og 4. We have no doubt, again
based upon location, that these genes correspond to orf28
(erf) and orf29 (recE). Host recABC will not substitute for
T1 grn while the host RecE recombinational pathway will
(Pugh and Ritchie, 1984a). Of note is the fact that orf29
specifies a homolog of host RecE. As with T7 replication,
there is no evidence for circular intermediates in T1 repli-
cation (Pugh and Ritchie, 1984b; Ritchie and Joicey, 1978)
and it is assumed that concatemeric molecules, which are
the substrate for head-full packaging, are generated by end-
to-end recombination. These are lacking in og 3.5/og 4
mutants leading to failure to package DNA.

Lastly, the phage genome encodes a potent Dam meth-
ylase (gp20, dam) (Schneider-Scherzer et al., 1990). This
and orf19 were the only two T1 genes that could be found in
GenBank, and an alignment of our data with that in
GenBank (Accession No. AAA87390) reveals that the latter
contains an in-frame deletion equivalent to 20 amino acids.
The significance of this protein is unknown since E. coli
also encodes Dam, but other phages specific for Dam-
positive bacteria such as coliphages P1 (Coulby and Stern-
berg, 1988), T2, T4 and RB49 (Desplats et al., 2002),
Haemophilus phage HP2 (Williams et al., 2002), and
Shigella phage SfV (Allison et al., 2002) also encode a
copy of this apparently redundant protein. It has been
suggested that the activity of the host methylase may be
insufficient to keep up with the replicating phage DNA (LJ.
Molineux, personal communication).

DNA packaging

In all members of the Cauloviridae DNA, a complex of
two proteins commonly referred to as terminase accomplish

DNA encapsidation. We have identified two genes (orf54
[terS] and orf53 [terL]) that are probably involved in
packaging. Orf54 has sequence similarity to gp3 (small
subunit terminase) from members of the P22 group of
viruses that also package by the headful mechanism.
Orf53 encodes a 527-amino-acid protein with homology
to bacterial proteins and to Methanobacterium phage M2
and Burkholderia cepacia prophage Bcep781 terminases.
Og /3.3 was also reported to be involved in T1 packaging
but its functional equivalent in the sequence is unknown.

The pac site in the T1-like phage TLS has been located to
a 60-bp region deficient in cytosine residues containing six
repeats of GATT(T/r) [G. German, personal communication
(German and Misra, submitted)]. The pac site of T1 was
previously mapped 1 kb upstream of an EcoRI site which is
to be found at 1324 (Ramsay and Ritchie, 1980). In T1, a
90-bp region between 220 and 309 lacks cytosine residues
and contains five adjacent repeats of ATATA. If one includes
the guanine at position 225, the first repeat (GATATA)
superficially resembles the pac sites of TLS and P22
[AAGATTA (Casjens et al., 1987)].

Proteomics

Proteomic analysis of the T1 structural proteins was
undertaken to aid in the genome annotation. An example
of the 2D gel profile of the T1 structural proteins is shown in
Fig. 2. Fifteen 15 proteins spots could be resolved with
different relative mobilities but some of these exhibited
several different pI’s. Of the 4 most abundant protein
species on the gel, corresponding to MWs of approximately
17.7, 27.2, 30, and 32 kDa, none resolved into a single
discreet spot suggestive of either multiple protein species
and/or post-translational modifications. Peptide mass finger-
printing of these abundant proteins determined that they
correspond to isoforms of gp’s 49 (17.7 kDa), 48 (30 kDa),
47 (32 kDa), and 417 (27.2 kDa) (Table 2). It should be noted
that at the mass tolerance levels used in this study (£25-50
ppm), the accuracy of matching a small number of peptides
is considered sufficient for a positive identification by
peptide mass fingerprinting (Clauser et al., 1999).

Gp41 is predicted to be a major tail fiber protein based on
homology analysis and its position within the genome (Table
1). This protein probably corresponds to P10 based on
Martin et al.’s (1976) estimate of its size (26 kDa) and
abundance (16.3% of total protein). The spectra obtained
included peptides at the predicted N terminus of this protein
and did not include any major peptides unrelated to the
tryptic peptide digest profile based on the amino acid
sequence. The spectra obtained from the different isoforms
showed no obvious indication of specific peptide modifica-
tions that would cause a significant shift in the pZ, but this is
not unusual since the peptide profile obtained covers only
52% of the protein.

Gp49, a protein with no apparent phage homologs,
probably corresponds to P11 in previous studies (Martin
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Fig. 2. 2D gel electrophoresis of the T1 structural proteins. The protein-containing portion (from p/ 3.5—7) of a 2D gel of p/ range 3—10 is shown. The
sampling sites for mass spectrometric analysis for each of the major proteins are indicated by open circles. The positions of the molecular weight markers are
indicated on the left of the gel in kilodaltons. The band at the bottom of the gel is the dye front.

et al., 1976). Tryptic peptide mass fingerprinting identified
both the predicted N and C termini of this protein. Again,
the peptide profiles of the most predominant isoforms
showed no obvious differences, but as was the case for
gp4l, coverage was limited to 51%. Gp49 is a major
capsid component as determined by Ramsay and Ritchie
(1984).

Gp48 and 47 migrate in the gels at relative mobilities that
differ only by 1-2 kDa although gp48 forms a much tighter
protein spot than gp47. A consideration of 1D SDS-PAGE
results published previously (Martin et al., 1976; Wagner et
al., 1977) suggests that their identification of the major
protein in mature T1 particles [designated as either P7, 33
kDa (Martin) or P8, 36 kDa (Wagner)] corresponds to either

Table 2
Mass spectroscopic analysis of T1 structural proteins

ORF Predicted Experimental Predicted Experimental No. of %

average MW (kDa) p/ j4 matched Coverage
mass peptides

49 17,008.21 17.7 5.01 4.6-5.1 7 51.9

48  26,588.83 30.0 4.47 43 7 35.7

47 35,290.52 32.0 5.61 4-6 17 63.0

41 24,068.17 27.2 4.48 45 13 51.4

gp47 or a combination of gp48 and gp47. Since this P7/P8
product was the most predominant protein band in 1D gels,
it was concluded that this was the major head subunit
protein. In the current 2D analysis, it appears that gp47 is
the most predominant protein and gp48 is now visible as a
separate protein because the numerous isoforms of gp47
cause it to distribute across a large proportion of the gel
(Fig. 2). Gp48 could also corresponds to a much less
abundant product originally called P8 or P9 (Martin et al.,
1976) or P9 (Wagner et al., 1977). Gp48 migrates at a larger
than predicted MW, but there is currently no definitive
evidence within the MS data to suggest why. It is common
for proteins to migrate differently than predicted by their
amino acid sequences due to retention of some secondary
structure that influences SDS binding during electrophore-
sis. All of the detected isoforms of gp47 migrate at a relative
mobility corresponding to less than their predicted MW.
Peaks within the mass spectra corresponding to the pre-
dicted C terminus of gp47 were routinely detected although
peptides corresponding to the first 40 amino acids were
never detected. This may indicate that the N terminus of the
protein has been post-translationally cleaved. Evidence for
post-translational processing of gp47 was first reported by
Martin et al. (1976) who showed that a radioactively labeled
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40-kDa protein chased to the same position as the major 33-
kDa band observed in mature T1 particles. The MS spectra
from gp47 also indicates at least two peptides have been
modified, either post-translationally or during sample pro-
cessing and further MS analysis is underway to determine
the nature of these modifications.

Morphogenesis

Adsorption of T1 is a two-step process involving initial
binding to the outer membrane ferric-siderophore uptake
protein FhuA (TonA), and a subsequence energy-dependent
step involving the inner membrane protein TonB, features it
shares with phage $80. T1 has two genes (orf26, orf33)
specifying proteins with homology to tail fibers. E. coli
phage K1-5 also has two tail fiber proteins that possess,
respectively, K5 polysaccharide lyase and N-acetylneurami-
nidase-activity against K1 capsular polysaccharide (Scholl
et al., 2001). In the case of T1, neither protein possesses
identifiable enzymatic activity, and the situation may be
analogous to that with coliphage T4 in which a number of
proteins are required for tail fiber assembly, with gp37
acting as the chemosensor (Miller et al., 2003).

Using the Pdle Biolnformatique Lyonnais consensus sec-
ondary structure prediction program (Combet et al., 2000;
Deleage et al., 1997) suggests that gp26 (728 amino acids)
has 47% random coil and 28% a-helical content the latter
predominantly located between residues 86 and 261. The
1172-amino-acid gp33 which has a similar degree of a-
helicity and random coil (20% and 48%, respectively) with
the a-helical portion being found between residues 851 and
1020. Since tail fibers are often composed of multiple copies
of specific proteins, we investigated the presence of the
coiled-coil motif in gp26 and gp33 using Paircoil (Berger et
al., 1995) and MultiCoil (Wolf et al., 1997). The results
indicate that gp26 has two regions between residues 100 and
250 which display a strong probability of trimeric coiled-coil
interactions.

Lysis

At the end of the latent period, bacteriophage release
usually involves a two-gene lysis cassette composed of a
holin and an endolysin (murein hydrolase). The holin creates
pores in the inner or cytoplasmic membrane permitting the
endolysin to access the peptidoglycan layer in the periplasm
resulting in cell lysis and release of progeny viruses (Young,
1992; Young and Blasi, 1995). With the notable exceptions
of members of the T4 and T7 coliphage groups, and
Staphylococcus aureus phage 187, in all other phages
studied, the endolysin gene is preceded or overlapped by a
gene encoding a holin. The product of orfi12 (lys) is a
polypeptide of 166 amino acids that displays sequence
similarity to a variety of phage muramidases. Motif analysis
indicates that it contains a member of the Pfam (pfam00959)
defined as phage lysozyme, which cleaves the p-1,4-link-

ages between adjacent N-acetylmuramic acid and N-acetyl-
glucosamine residues in cell wall peptidoglycan.

Holins are characterized by their relatively small size
(67—145 amino acid residues), usually contain two to three
membrane spanning helices, possess a charged C terminus
and exhibit poor sequence identity to other members of this
group of functionally similar proteins (Grundling et al.,
2000; Young, 1992; Young and Blasi, 1995). Furthermore,
they sometimes possess a dual-translation start regulatory
motif, as do, for example, the holins of coliphages N\,
HK97, and HKO022 that have MetLysMet at the amino
terminus. While one of the translated products is the holin,
the other functions as an antiholin that contributes to the
temporal regulation of the lysis event (Ramanculov and
Young, 2001).

Orfl3 (hol) specifies a 71-amino-acid single-transmem-
brane domain protein, which possesses a positively charged
C terminus. Examples of single transmembrane domain
holins include the Borrelia burgdorferi cp32 prophage holin
protein BlyA (Damman et al., 2000), Mycobacterium phage
Ms6 hol (Garcia et al., 2002), Haemophilus influenzae
phage HP1 /ol (Esposito et al., 1996), and a protein from
Lactococcus lactis phage $US3 (http://tcdb.ucsd.edu/tcdb/
background.php).

Downstream of the lysis cassette is orf11 that specifies a
protein containing 133 amino acids arranged into two
transmembrane domains. It does not possess a dual start
motif, but possesses charged N and C termini. Whether this
functions as another holin or is similar to the poorly defined
lysis proteins (Rz) in phages such as lambda and P22 is
unknown at this time.

The appearance of the lysis cassette before the morpho-
genesis genes is characteristic of the situation with N\ and
P22 where the lysis genes precede the terminase genes.

Morons and homing endonucleases

Morons are sequences, flanked by promoter and tran-
scriptional terminators, often found inserted within a group
of cotranscribed genes (transcripton). Examination of the T1
genes (Fig. 1) reveals that orf30 (cor) lies in the opposite
orientation to its flanking genes and its orientation in
coliphage N15. Furthermore, it is separated from orf3/ by
a transcriptional terminator. This gene specified a protein
called Cor involved in N15 lysogenic conversion, which is
responsible for surface exclusion of T1, &80, and NI15
(Ravin et al., 2000). Homologs are also synthesized by
temperate phage HK022 (Juhala et al., 2000) and ¢80
(Matsumoto et al., 1985). Why a virulent phage such as
T1 should specify such a gene is unknown.

The T1 sequence contains three ORFs 63 (endC), 15
(endA), and 8 (endB) which encode zinc-dependent HNH
homing-endonucleases primarily related to those in Xantho-
monas oryzae phage Xp10 (GenBank accession: AY299121)
and Yersinia enterocolitica phage ¢$YeO3-12 (GenBank:
NC_001271). These site-specific endonucleases are found
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Table 3

Signal sequences present in Coliphage T1
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1. Transcriptional terminators

No. Gene Upstem Loop Downstem Tail AG (kcal/ Midpoint
mol) at distance
37 °C (nt)
A. Top strand
1 76 ggggua(u)cu ugcuau ag(u)uaccce -99 35
2 72 gggguuge gauaua guaaccce —133 36
3 71 ggggauu(ug)gee ugacu ggu(au)aauccce —13.8 31
4 69 ggecauu ugauau aguggce uuauu -9.5 35
5 68 ggggaaucg acucugaa cgguuccce uuucuuuu 