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The tail structures of bacteriophages infecting gram-positive bacteria are largely unexplored, although the
phage tail mediates the initial interaction with the host cell. The temperate Lactococcus lactis phage TP901-1
of the Siphoviridae family has a long noncontractile tail with a distal baseplate. In the present study, we
investigated the distal tail structures and tail assembly of phage TP901-1 by introducing nonsense mutations
into the late transcribed genes dit (orf46), tal ;py,;_; (orf47), bppU (orf48), bppL (orf49), and orf50. Transmission
electron microscopy examination of mutant and wild-type TP901-1 phages showed that the baseplate consisted
of two different disks and that a central tail fiber is protruding below the baseplate. Evaluation of the mutant
tail morphologies with protein profiles and Western blots revealed that the upper and lower baseplate disks
consist of the proteins BppU and BppL, respectively. Likewise, Dit and Tal,po,_., Were shown to be structural
tail proteins essential for tail formation, and Talype,,, Was furthermore identified as the tail fiber protein by
immunogold labeling experiments. Determination of infection efficiencies of the mutant phages showed that the
baseplate is fundamental for host infection and the lower disk protein, BppL, is suggested to interact with the
host receptor. In contrast, ORF50 was found to be nonessential for tail assembly and host infection. A model

for TP901-1 tail assembly, in which the function of eight specific proteins is considered, is presented.

The initial interaction between a tailed phage and its bacte-
rial host is mediated by the distal part of the phage tail, and
studies of the distal tail structures thus contribute to a funda-
mental understanding of phage-host interactions. Moreover,
determinations of the underlying mechanisms of phage-host
interactions at the level of single proteins depend on a prior
knowledge of the interacting part of the phage structure. In-
vestigations of the tail structures of phages infecting lactic acid
bacteria (LAB) and of gram-positive phages in general are
scarce compared to those of the Escherichia coli phages, which
have been studied extensively. Therefore, increased knowledge
of the distal tail structures and the tail assembly processes of
LAB phages would greatly enhance our understanding of the
infection processes of gram-positive phages.

Tailed phages are classified into the families of Myoviridae,
Siphoviridae, and Podoviridae, which are characterized by a
long contractile tail, a long noncontractile tail, and a short
noncontractile tail, respectively (1). Minor tail structures, such
as fibers and baseplates, are also found among members of
these families. A long phage tail is usually assembled from the
distal end proceeding towards the head-proximal end until a
mature tail structure is formed, and the tail is ultimately joined
to a mature and independently assembled head, thereby form-
ing an infectious phage virion (12, 13). Tail formation of the E.
coli Siphoviridae phage \ is initiated from an initiator complex,
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which is composed of the tail fiber protein, the tape measure
protein, and four other proteins (36, 37). The major tail pro-
tein polymerizes onto the \ initiator complex to form the tail
tube, which is the channel for translocation of the phage
genomic DNA during infection (34). The tail fiber protein
constitutes the very distal structure of the \ tail and is respon-
sible for the recognition of the host receptor (57, 58; for a
comprehensive review on \ tail structure and assembly, see
reference 35) The E. coli TS phage has a distal tail structure
similar to phage \, but the straight tail fiber of phage TS is
presumed to act as an injection needle, which enables transfer
of the phage genome through the host envelope. This process
is preceded by host interactions of both the long tail fibers and
the receptor binding protein, located in a conical structure just
above the straight tail fiber (5, 24, 26). In contrast to the
Siphoviridae phages \ and T5, a much more complex tail struc-
ture on the E. coli T4 phage of the Myoviridae family is ob-
served. The T4 tail formation is initiated from the assembly of
a distal baseplate, which is composed of at least 16 different
proteins constituting six wedges joined around a central hub,
and the remaining tail components are assembled onto the
baseplate (for reviews on T4 tail structure and assembly, see
references 16 and 41).

The temperate Lactococcus lactis phage TP901-1 belongs to
the P335 species of the Siphoviridae family, the predominant
family of LAB phages (10, 30). The TP901-1 virion contains a
small isometric head, a collar, whiskers, and a long noncon-
tractile tail with a distal baseplate (33). Many aspects of the
TP901-1 life cycle have been examined in detail, such as pro-
phage integration and excision, replication, transcription, and
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TABLE 1. Bacterial strains, plasmids, and phages

Bacterial strain, plasmid, or

Relevant feature®

Source or reference

phage
L. lactis subsp. cremoris strain
901-1 Lysogenic for phage TP901-1 6
3107 Indicator strain for phage TP901-1 15
3107 + pAKS89 Indicator strain for phage TP901-1 + supD 52

MG1363 Transformational strain 22
CSV57-1 901-1 lysogenic for TP901-1orf46(Am) This study
CSV59-2 901-1 lysogenic for TP901-1orf47(Am) This study
CSV61-1 901-1 lysogenic for TP901-1orf48(Am) This study
CSV63-1 901-1 lysogenic for TP901-1orf49(Am) This study
CSV65-1 901-1 lysogenic for TP901-1orf50(Am) This study
E. coli strain
DH5a Transformational strain Invitrogen
XL1-Blue MRF’ Transformational strain, Tc" Stratagene
Plasmid
pBluescipt 1T SK Cloning and positive selection vector, lacZ, Ap" Stratagene
pGhost8 Ts replicon, Tc* 48
pCI372 Parental plasmid for pAK89, Cm" 23
pAKS9 supD amber suppressor, Cm" 19
pCSV01-22 pBluescript:: TP901-1(25.124-26.927)orf46(Am) (codon no. 22)° This study
pCSV02-10 pBluescript::TP901-1(26.180-28.168)0rf47(Am) (codon no. 163)” This study
pCSV03-3 pBluescript:: TP901-1(28.822-30.632)0rf48(Am) (codon no. 84) This study
pCSV04-1 pBluescript::TP901-1(29.561-31.417)0rf49(Am) (codon no. 31)° This study
pCSV06-4 pBluescript:: TP901-1(30.141-31.883)orf50(Am) (codon no. 39)° This study
pCSV28-1 pGhost8::TP901-1(25.124-26.927)0rf46(Am) (codon no. 22)° This study
pCSV29-2 pGhost8:TP901-1(26.180-28.168)01f47(Am) (codon no. 163)” This study
pCSV30-1 pGhost8::TP901-1(28.822-30.632)01f48(Am) (codon no. 84)° This study
pCSV31-1 pGhost8:TP901-1(29.561-31.417)01f49(Am) (codon no. 31)° This study
pCSV32-1 pGhost8::TP901-1(30.141-31.883)0rf50(Am) (codon no. 39)° This study
Phage
TP901-1 Temperate phage. Isolated following induction of L. lactis 901-1 6
46~ TP901-1orf46(Am) This study
47" TP901-1orf47(Am) This study
48~ TP901-1orf48(Am) This study
49~ TP901-1orf49(Am) This study
50~ TP901-1orf50(Am) This study

“ Am, amber mutation; Ap", ampicillin resistance; Cm", chloramphenicol resistance; Tc", tetracycline resistance; Ts, temperature sensitive.

> Amber-mutated codon.

regulation of the lytic/lysogenic switch (7, 8, 15, 31, 46, 47, 51);
moreover, the complete 37.7-kbp genome sequence has been
determined (GenBank accession no. NC_002747) (9). The
functions of three tail gene products have previously been
investigated experimentally. In these studies, open reading
frame 42 (orf42) was found to encode the major tail protein
(MTP) that forms the tail tube; orf45 was shown to encode the
tape measure protein (TMP), which determines the length of
the phage tail; and orf49 was shown to encode a structural
protein (BPP) proposed to constitute the baseplate (32, 33,
52).

In this work, we investigate the distal tail structures of phage
TP901-1 through mutagenesis of five putative tail genes, orf46,
orf47, orf48, orf49, and orf50. Analysis of these mutant phages
with respect to morphology, protein content, and infection
efficiency facilitated the elucidation of novel structures associ-
ated with the TP901-1 tail. These findings, in conjunction with
previously published data, have enabled us to propose a model
for TP901-1 tail assembly which considers the structural roles
fulfilled by individual proteins, rendering this the best-charac-
terized tail structure among LAB phages.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in this
study are listed in Table 1. E. coli strains were cultured with agitation at 37°C in
Luria-Bertani broth (54) supplemented with 50 to 150 wg/ml ampicillin, 12.5
pg/ml tetracycline, 40 pg/ml 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside,
and 40 pg/ml isopropyl-B-p-thiogalactoside where appropriate. Chemical-com-
petent or electrocompetent cells were prepared and transformed essentially as
described by Sambrook and Russell (54). Lactococcus lactis strains were cultured
without agitation at 28°C or 30°C in M17 broth (Oxoid Ltd., Basingstoke, Hamp-
shire, England) supplemented with 0.5% (wt/vol) glucose (GM17) (56) and 2
pg/ml tetracycline or 5 pg/ml chloramphenicol where appropriate. Electropora-
tion of L. lactis was performed essentially as described by Holo and Nes (28),
except that glycine and sucrose concentrations in the propagation medium were
reduced to 1% (wt/vol) and 0.2 M, respectively.

Induction and purification of phages. Phages used in this study are listed in
Table 1. Wild-type (wt) and mutant TP901-1 phages were induced from the
respective lysogenic L. lactis 901-1 strains by 3 pg/ml mitomycin C (Sigma-
Aldrich, St. Louis, Missouri) or by UV light essentially as described previously
(15). For phage purification following bacterial lysis, 1 M sodium chloride was
added and the lysates were incubated at 4°C overnight. Cellular debris was
removed by 15 min of centrifugation at 10,000 X g, and the phage particles were
precipitated with 10% (wt/vol) PEG 6000 and resuspended in SM buffer (100
mM sodium chloride, 10 mM magnesium sulfate, 50 mM Tris [pH 7.5], and
0.01% [wt/vol] gelatin). Following treatment with 10 pg/ml of DNase I and
RNase A (Sigma-Aldrich), phage particles were purified by isopycnic centrifu-
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gation for 22 h through cesium chloride equilibrium gradients, essentially as
described for phage N by Sambrook and Russell (54). Phage infection efficiency
was determined by plaque assay on the indicator strain L. lactis 3107 and the
amber-suppressing derivative (Table 1) in GM17 medium supplemented with 5
mM calcium chloride and agarose (Cambrex Bio Science, Rockland, Maine) as
described by Lillehaug (44).

DNA technology and sequencing. The plasmids used in this study are listed in
Table 1. Plasmid DNA was isolated from E. coli and L. lactis with a QIAprep
Spin Miniprep kit or a Plasmid Midi kit (QIAGEN GmbH, Hilden, Germany)
using the manufacturer’s instructions, except that the lysis step of L. lactis
cultures was carried out for 20 min at 37°C in the presence of 20 mg/ml lysozyme
(Sigma-Aldrich). Chromosomal DNA was extracted from L. lactis strains with a
GenElute Bacterial Genomic DNA kit (Sigma-Aldrich). TP901-1 phage DNA
was isolated from induced and purified wt phages by phenol-chloroform extrac-
tion as described by Sambrook and Russell for phage N (54). L. lactis colonies
were resuspended in water and treated with 10 units of mutanolysin (Sigma-
Aldrich) prior to PCR amplifications, while plaque suspensions, if necessary,
were pretreated with 2 units of TURBO DNase (Ambion Ltd., Cambridgeshire,
United Kingdom) for 30 to 60 min at 37°C. PCR amplifications of phage DNA
used for cloning were performed with Pwo DNA polymerase (Roche, Mann-
heim, Germany), while other amplifications were performed with a Tag DNA
polymerase. Restriction endonuclease enzymes supplied by New England Bio-
Labs (Beverly, Mass.), shrimp alkaline phosphatase and T4 DNA Ligase supplied
by USB (Cleveland, Ohio), and other enzymes were used as recommended by the
suppliers. Phage DNA sequences were determined by using a Thermo Sequenase
fluorescent dye-labeled primer cycle sequencing kit with an ALF Express DNA
sequencer (Pharmacia Biotech), by using a CEQ 2000 dye terminator cycle
sequencing kit with a Beckman Coulter CEQ 2000 DNA analysis system (Beck-
man Coulter Inc., Fullerton, California), or by MWG (Ebersberg, Germany).
Sequences were aligned and assembled with the software from the Genetics
Computer Group at the University of Wisconsin (18). Multiple sequence align-
ments of phage sequences amplified from plaques were aligned with the program
ClustalW at the website of the European Bioinformatics Institute (http://www.e-
bi.ac.uk/clustalw/index.html).

Construction and verification of phage mutants. The splicing by overlap ex-
tension (SOEing) PCR technique (29) was used together with the double sets of
mismatch oligonucleotides, which are listed in Table 2, to amplify 1.7- to 2.0-kbp
TP901-1 fragments with in-frame amber mutations and restriction sites intro-
duced into orf46, orf47, orf48, orf49, and orf50, using isolated TP901-1 wt DNA
as a template. The mutated fragments, each containing an amber mutation
doubly flanked by approximately 0.9-kbp wt sequences, were digested with
BamHI and Sall, and each was cloned into an equally digested pBluescript II SK
vector. E. coli DH5a or XL1-Blue MRF’ cells were transformed with the con-
structs, and the TP901-1 inserts were sequenced to ensure that only the desired
mutations had been incorporated. The inserts were subsequently subcloned into
the pGhost8 vector and, following L. lactis MG1363 transformation, propaga-
tion, and plasmid purification, the plasmids were finally introduced into the
TP901-1 lysogenic strain L. lactis 901-1 by transformation. Mutations were trans-
ferred from the pGhost8 vectors to the TP901-1 genome by homologous recom-
bination, as described previously (3, 52). TP901-1 lysogenic strains with muta-
tions in orf46, orf47, orf48, orf49, and orf50, respectively, were verified by DNA
sequencing or by Southern blotting with an ECL direct nucleic acid labeling and
detection system (Amersham Bioscience, Uppsala, Sweden). Briefly, chromo-
somal DNA from potential lysogenic mutants was isolated, digested with the
restriction enzymes EcoRV and AvrIl or EcoRV and Xbal, transferred to a
Hybond-N+ nylon membrane (Amersham Bioscience), probed with appropriate
peroxidase-labeled TP901-1 fragments of approximately 2 kbp, and detected with
chemiluminescence. Lysogenic mutants with an included restriction site correctly
introduced into the TP901-1 genome were selected for further studies and
subsequently transformed individually with the plasmid pCI372 or the amber
suppressor derivative pAKS89.

Electron microscopy and immunological detection. Purified phage prepara-
tions were dialyzed for 10 to 15 min against SM buffer for negative staining or
TGB buffer (200 mM Tris, 500 mM glycine, 2% [vol/vol] butanol [pH 7.5]) for
immunogold labeling. For negative staining, a carbon film was floated from a
mica sheet into a suspension of dialyzed phages and incubated for 10 min. The
film was subsequently rinsed in demineralized water and was finally stained with
2% (wt/vol) uranyl acetate (Agar Scientific, Stansted, United Kingdom) for 30 s.
The carbon film was picked up with 400-mesh copper grids (Agar Scientific) and
examined in a transmission electron microscope (Tecnai 10; FEI, Eindhoven,
The Netherlands) at an acceleration voltage of 80 kV. Micrographs were taken
with a MegaView II CCD camera (SIS, Miinster, Germany). For colloidal gold
immunolabeling, dialyzed phages were incubated overnight at room temperature
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TABLE 2. Oligonucleotides used for construction of specific amber
mutations in orf46, orf47, orf48, orf49, and orf50 of phage TP901-1¢

Oligonucleotide Sequence
46amlF ................. 5" CGCGGATCCGTTGTAAATACGATTCA
AAGTCTTTGGGGAG

46am1R 5" CATCATAACTCATGGCctaGGTTGGAAT
AAAAG

46am2F .................. 5" CCTTTTATTCCAACCtagGCCATGAGT
TATG

46am2R.........coou.. 5" ACGCGTCGACAACTCTTGTTCTTTCGT
ATCATTGACTGC

47amlF ................ 5" CGCGGATCCTGACGATAAAATATAAG
CTTGAGGATAG

47amlR.................. 5" GTAATTTCAATctAgAAGGTAAACTCTG
CACC

47am2F ..........c.c..... 5" GCAGAGTTTACCTTcTagATTGAAATTA
CAGG

47am2R.........cccuu. 5" ACGCGTCGACAACGAATCTTGACCCC
TTGAAGCGTCC

48amlF .................. 5" CGCGGATCCGACACAATCACAGCCCA
ATTTAAGCTC

48am1R 5" CTGCAAAGCATTATCctaGGCAACATA

[TTC

48am2F 5" GAAATATGTTGCCtagGATAATGCTTTG
CAGTTTG

48am2R........ccuueee 5" ACGCGTCGACAATGATCCCACCTCCG
AGTTCTCCAGACC

49amlF ................. 5" CGCGGATCCATGCGGATGTCAATAGT
CAAGCCATTGTTG

49aml1R.........cc.c.... 5" TGAACTACATTTCCACCctaGGTTAAT
TCAG

49am2F ............c..... 5" CTGAATTAACCtagGGTGGAAATGTA
GTTC

49am2R........ccoeuu 5" ACGCGTCGACCTGTCATCTCAGTAGG
AATTATAAGCGTG

S0amlF ... 5" CGCGGATCCATGCAATTGGCACTGAA
ACTGATGGATTT

S0aml1R.......ccceuues 5" AGTTTTGCATTctATTGGGCTATTAA
AAGC

50am2F 5" TTTTAATAGCCCAATagAATGCAAAA
CTTA

S0am2R.......cccueuue 5" ACGCGTCGACGCTGTAAACTTTCTAA
ATCTGTTTGATTAG

“TP901-1 DNA fragments with overlapping amber mutations were amplified
with oligonucleotide sets 1 and 2, and the fragments were spliced by the SOEing
PCR technique. Avrll, BamHI, Sall, and Xbal restrictions sites are underlined,
and mismatch nucleotides are indicated with lowercase letters.

with primary antibody solution (polyclonal anti-Tal,ge [C-terminal] raised in
rabbits [38]), which was diluted 1:300 in TGB buffer. A carbon film was floated
from a mica sheet into the suspension and incubated for 30 min. Alternatively,
phages were first adsorbed to a carbon film for 30 min and then incubated
overnight in primary antibody solution. The carbon films were subsequently
washed in TGB buffer and incubated for 1 h at room temperature in goat
anti-rabbit immunoglobulin G 5-nm gold conjugate solution (BBI, Cardiff,
United Kingdom), diluted 1:40 (vol/vol) with TGB buffer. After fixation for 20
min at room temperature in 0.25% (vol/vol) glutaraldehyde in phosphate-buff-
ered saline buffer (54), negative staining was done as described before except
that 400-mesh nickel grids (Agar Scientific) were used instead of copper grids.

Polyclonal antibody preparation. The phage Tuc2009 tail structure-encoding
genes orf49,,.2000, Talsppo (N terminal), and orf514,.5900 Were cloned, overex-
pressed, and purified using a QIAexpressionist system (QIAGEN) as recom-
mended by the manufacturer (Mc Grath et al., unpublished data). Polyclonal
antibodies against these proteins were raised in rabbits by Harlan Sera-Lab
(Leicestershire, England). Initial immunizations of individual proteins were com-
plemented with Freund’s complete adjuvant with five subsequent booster injec-
tions of protein. The final serum samples were acquired 11 weeks after the initial
immunizations.

SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting. Ap-
proximately 10'° PFU of purified phages, dialyzed against SM buffer, were mixed
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TABLE 3. Homologous proteins of ORF46, ORF47, ORF48, ORF49, and ORF50 from phage TP901-1

Size .
ORF Function and alternative name Homologous protein of L. lactis phage” % Idenmyc Reference
aa kDa“ (no. of aa)

46 Distal tail protein; Dit 253 29.1 (30) ORF49 of phage Tuc2009 95 (253) 55
ORF?253 structural protein of phage ul36 94 (253) 39

47 Tail fiber; Tal 918 102.1 (95 +63*)  Tal,y structural protein of phage Tuc2009 93 (918) 38
ORF908 of phage ul36 87 (920) 39
ORF54 of phage bIL285 79 (545) 14
Conserved domain in peptidase family 2e-21¢

M23/M37

48 Upper baseplate disc; BppU 299 33.8 (35) ORF51 of phage Tuc2009 80 (296) 55
ORF322 structural protein of phage ul36 79 (296) 39

49 Lower baseplate disc; BppL 163 17.2 (17) ORF343 of L. lactis $LC3 70 (151) 4
ORF53 structural protein of phage Tuc2009 56 (62) 55
ORF165B structural protein of phage ul36 33 (65) 39
Receptor binding proteins of phages jw30, 28-26 (112) 20, 21

jw32, fd13, and jw31

50 Unknown 74 8.7 (-)° ORF74 of phage $LC3 98 (74) 4
Putative holin of phage BKS-T 98 (73) 49
ORF58 of phage bIL286 98 (74) 14
ORF60 of phage bIL285 95 (74) 14
ORF54 of phage Tuc2009 95 (74) 55

“ Predicted molecular weight from aa sequence and the experimentally measured molecular weight by SDS-PAGE in parentheses. *, processed protein.

® Identified from BLASTp search (2).

¢ The percentage identity followed by the number of amino acids (aa) over which the identity is determined in parentheses.

4 E value from BLAST conserved domain alignment.
¢ Not observed by SDS-PAGE analysis.

with sample buffer and reducing agent (Invitrogen, Carlsbad, California), boiled
for 15 to 20 min, and loaded on 10% or 4 to 12% NuPAGE Novex Bis-Tris
polyacrylamide gels (thickness, 1 mm; Invitrogen). Electrophoresis was per-
formed at 200 V in either MES (morpholineethanesulfonic acid) or MOPS
(morpholinepropanesulfonic acid) sodium dodecyl sulfate (SDS) running buffer
(Invitrogen), and protein bands were stained with a silver staining kit protein (Am-
ersham Bioscience). Western blots were performed with phage proteins separated
by electrophoresis and subsequently electroblotted onto polyvinylidene difluoride
membranes using an XCell IT Blot module and NuPAGE transfer buffer (Invitro-
gen). Membranes were incubated for 1 h in Tris-buffered saline (TBS) blocking
buffer (20 mM Tris, 140 mM sodium chloride [pH 8.0], and 1% [wt/vol] skim milk
powder) and washed twice in TBST (TBS-0.05% [wt/vol] Tween 20). TP901-1
proteins were subsequently identified using polyclonal antibodies raised in rabbits
against homologous proteins of the related L. lactis phage Tuc2009. These antibod-
ies were diluted 1:1000 in TBST-1% (wt/vol) bovine serum albumin (Sigma-Aldrich),
and the incubation step was performed overnight. Following two washes with TBST,
the membranes were incubated for 1 h with the secondary antibody, anti-rabbit IgG
antibody conjugated with alkaline phosphate (Sigma-Aldrich) diluted 1:30,000 in
TBST-1% (wt/vol) bovine serum albumin. The membranes were finally washed twice
in TBST and once in TBS before antibody reactions were visualized with 5-bromo-
4-chloro-3-indolyl phosphate/Nitro Blue Tetrazolium tablets (Sigma-Aldrich) dis-
solved in pure water.

RESULTS

Construction of TP901-1 tail mutants. In order to investi-
gate the distal tail structures and assembly of phage TP901-1,
five late transcribed genes (orf46, orf47, orf48, orf49, and orf50)
were selected for mutagenic analysis. These genes, located
downstream from the tape measure protein gene, are genomi-
cally positioned equivalent to the distal tail protein genes of
the E. coli phage \. Moreover, the gene products are homol-
ogous to several proteins encoded by related L. lactis phages
(Table 3). Defined mutants were obtained by introducing site-
specific in-frame amber mutations into each of the selected

genes by homologous recombination between the TP901-1
prophage genome present in L. lactis 901-1 and specific mu-
tated TP901-1 sequences cloned in the temperature-sensitive
pGhost8 vector. The mutagenesis was carried out with TP901-1
prophages to facilitate the generation of potentially noninfec-
tious phage mutants without the use of an amber suppressor,
due to previous problems obtaining suppression using a supD
amber suppressor plasmid (52). In fact, we were unsuccessful
in obtaining suppression of the generated prophage amber
mutants (results not shown), which is consistent with prior
observations (52) but not understood at this point.

In each of the five genes, orf46-50, a serine codon was re-
placed by an amber stop codon (TAG) and, where possible, an
AvrlIl (CC TAG G) or an Xbal (TC TAG A) restriction site
was introduced with the amber mutation without changing the
encoded amino acids of the flanking codons. In orf50, a restric-
tion site could not be introduced without changing the amino
acid sequence, and the amber mutation was therefore inserted
alone into the first serine codon of the gene. The prophages
mutated in orf46, orf47, orf48, and orf49 were verified in South-
ern blots by recognition of the inserted restriction sites in
chromosomal DNA from the lysogenic strains, while the pro-
phage mutated in orf50 was verified by sequencing (results not
shown). The Southern blots also revealed that the L. lactis
strain 901-1, lysogenic for TP901-1, contains other prophage
sequences with homology to the mutated tail genes of TP901-1,
since additional and unexpected bands in blots with five dif-
ferent probes covering TP901-1 orf46-50 were observed.

TP901-1 tail morphology. With the purpose of determining
the morphological phenotypes of the mutant phages, i.e., an-
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FIG. 1. Transmission electron micrographs of TP901-1 phages negatively stained with uranyl acetate. A, TP901-1 wt; B, 48~ mutant; C, 49~

mutant; D, 46° mutant; E, 47" mutant; F, 50° mutant.

alyzing the effect of removing individual proteins from the tail
assembly process and resolving detailed features of the distal
tail structure, we investigated the purified TP901-1 wt and
mutant phages by transmission electron microscopy (TEM).
Analysis of the wt phage revealed that the TP901-1 virion
has a central tail fiber protruding below the baseplate and that
the two baseplate disks have different dimensions (upper disk
diameter, 23 = 3 nm [# = 19]; lower disk diameter, 28 = 3 nm
[n = 19]) (Fig. 1A). This indicates that the two disks consist of
different proteins and not only ORF49 as suggested previously

(52). When the mutant phages were examined, we found that
the 48~ mutant completely lacked the baseplate structure, thus
clearly exposing the central tail fiber (length, 16 = 3 nm [n =
26]) and a conical structure (length, 7 = 2 [n = 33]) between
the fiber and the tail tube (Fig. 1B). While the 48~ mutant
completely lacked the baseplate, the 49~ mutant had a partial
baseplate structure, which contained only the upper disk as-
sembled to the proximal part of the conical structure (Fig. 1C),
thus supporting our hypothesis that the baseplate consists of at
least one other protein in addition to ORF49. The single base-
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FIG. 2. Transmission electron micrographs of immunogold-labeled
TP901-1 tail fiber protein ORF47. 48~ mutant phages were incubated
with anti-Tal,y (C-terminal) antibodies and labeled with secondary
antibodies conjugated to 5-nm gold particles. (ORF47pgy;.; and
Tal,gyo share 93% identity.) Bars, 50 nm.

plate disk of the 49~ mutant was, moreover, found to dissoci-
ate from the phage tail upon storage of the phage preparation
for several months (data not shown). The microscopy analysis
of the 46~ and 47~ mutants showed that these phages exhib-
ited only head structures (Fig. 1D and E), thus lacking the
entire tail and hence demonstrating that the mutated gene
products are essential for the TP901-1 tail formation. Finally,
the microscopy examination of the 50 mutant showed that
this mutant was morphologically indistinguishable from the wt
phage (Fig. 1F), which indicates that ORF50 is a protein of
minor or no significance for tail formation.

Identification of ORF47 as the tail fiber protein. The obser-
vations of a central tail fiber in the TP901-1 virion lead us to
speculate about which protein could constitute this structure.
The tail fiber of the phage \ is formed from gpJ, which is the
largest protein (124 kDa) encoded by the phage, and the phe-
notype of a A J7 mutant is tailless (35, 37). In phage TP901-1,
these findings points towards ORF47 as the TP901-1 tail fiber
protein, since orf47 is the largest gene in the phage genome
and the 47 mutant is tailless. ORF47 has high identity with
the structural protein Tal,yy, from the related L. lactis phage
Tuc2009 (93% identity over the entire amino acid sequence;
Table 3). Tal,,,, has been shown to be a self-processing pro-
tein with a lytic activity located within the C-terminal portion
(38). Moreover, it has been demonstrated by immunoelectron
microscopy with polyclonal antibodies raised against a purified
C-terminal fragment of Tal,,y, that the protein is located at
the tip of the Tuc2009 tail (38). To determine if ORF47 con-
stitutes the tail fiber of TP901-1, we used the same anti-Tal,
(C-terminal) antibodies together with a secondary gold-conju-
gated antibody to label ORF47 in the 48 mutant. The 48~
mutant was used for these experiments, because this mutant’s
lack of baseplate structure facilitated the examination and ac-
cess of the tail fiber. As depicted in Fig. 2, it was possible to
obtain gold labeling of the 48~ mutant tail fiber with the
anti-Tal,,yo (C-terminal) antibodies. Furthermore, it was also
illustrated that the antibodies formed aggregates with phages
joined by the fibers, thus proving that ORF47 does, in fact,
constitute the tail fiber of TP901-1.
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FIG. 3. Silver-stained 10% SDS-PAGE gel with protein profiles of
TP901-1 phages. Lane 1, 46 mutant; lane 2, 47" mutant; lane 3, 48~
mutant; lane 4, 49~ mutant; lane 5, 50° mutant; lane 6, TP901-1 wt.
Molecular masses are indicated to the left of the gel. Tail protein bands
and estimated molecular masses are indicated with arrows to the right
of the gel. *, processed protein.

Identification of structural TP901-1 tail proteins. In order
to determine the protein contents and profiles of the TP901-1
mutants, the proteins of purified and denatured phage parti-
cles were analyzed by SDS-PAGE (Fig. 3). The TEM analysis
showed that the 46~ and 47 mutants were tailless, and the
protein bands from these mutants (Fig. 3, lanes 1 and 2) must
therefore originate from head proteins. Tail protein bands can
consequently be identified as those bands present in the wt
phage but absent in the tailless 46~ and 47~ mutants, and
hence it could be estimated that the wt protein bands of ap-
proximately 95, 66, 63, 35, 30, 23, and 17 kDa originated from
tail proteins (Fig. 3). In previous studies of TP901-1, the pro-
tein bands of approximately 66, 23, and 17 kDa were identified
as processed TMP, the MTP, and the baseplate protein
(ORF49), respectively, although the precise values of molecu-
lar weight varied a little from the values observed in this study
(33, 52). No protein band with the predicted 8.7-kDa size of
ORF50 was observed in the wt profile, even when the phage
proteins were separated in gel and buffer systems facilitating
the separation of proteins of low molecular weight (results not
shown). Moreover, the protein profile of the 507 mutant was
indistinguishable from the wt profile (Fig. 3, lanes 5 and 6),
which indicates that ORF50 is either a nonstructural protein or
a structural protein present in very low amounts.

To determine whether the remaining yet unidentified 95, 63,
35, and 30 kDa tail protein bands could be encoded by orf46,
orf47, and orf48, the separated phage proteins were transferred
to polyvinylidene difluoride membranes and analyzed by West-
ern blotting. ORF46pgg1.1, ORF47 1pgo1.1, and ORF48 59,4
are highly identical to the phage Tuc2009 proteins
ORF49 15000, Talrg09, and ORFS511,5000, respectively (Table
3), and polyclonal antibodies raised against these Tuc2009
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FIG. 4. Western blot analysis for detection of ORF461pgy;.1, ORF47 159911, and ORF48p9,_; from purified wt and mutant TP901-1 phages.
(A) Phage proteins detected with anti-ORF491,,000 (ORF491,c5009 and ORF46p9y;.; share 95% identity). (B) Phage proteins detected with
anti-Tal,yy (N-terminal) (Tal,gg9 and ORF47pgy,.; share 93% identity). (C) Phage proteins detected with anti-ORF51,c5000 (ORF51 100000 and

48 1poo;.1 share 80% identity). Lane 1, molecular marker; lane 2, TP901-1 wt; lane 3, 46~ mutant; lane 4, 47 mutant; lane 5, 48 mutant; lane
6, 49~ mutant; lane 7, 50° mutant. Relevant molecular masses are indicated to the left of the blots. Arrow indicates band of ORF46pg;_;-

proteins could therefore be used for the Western blot analysis.
The anti-ORF49,.5000 antibodies reacted with the TP901-1
tail protein band of approximately 30 kDa (Fig. 4A). Because
ORF49 102000 and ORF46.1pgg,.; show 95% aa sequence iden-
tity and the predicted size of ORF46pg,.;, furthermore, is 29
kDa, we conclude that the 30-kDa protein band is
ORF461p9o;.;- Minor unspecific reactions to head protein
bands of approximately 51 and 33 kDa, however, were also
observed. The anti-Tal,, (N-terminal) antibodies reacted
strongly with the two tail protein bands of approximately 95
and 63 kDa (Fig. 4B), thus demonstrating that the correspond-
ing proteins both originate from ORF471pg,.;. This finding
was not unexpected, since it has been determined that both the
unprocessed and the processed N-terminal fragments of
Tal, o are incorporated into the Tuc2009 virion (38). A motif
similar to the Tal,, self-cleavage site (GGSSG | GG) (38) is
found with only one mismatch (GGNSGGG) in the
ORF47 1pgo1.1 sequence; cleavage of ORF471pg0,.; at this po-
sition will result in an N-terminal fragment of 67 kDa and a
C-terminal fragment of 35 kDa. The Western blot in Fig. 4B
illustrates that ORF471pgg,.; is, in fact, processed and that
both the unprocessed protein and the processed N-terminal
fragment are assembled into the phage virion, equivalent to
Tal,yge in the Tuc2009 phage. Finally, the 35-kDa tail protein
band was detected with the anti-ORF51,.,00 antibodies, and
since. ORF51 0000 @and ORF481p4,.; display 80% aa se-
quence identity (Table 3), this demonstrates that the 35-kDa
tail protein band is ORF48pgy,_; (Fig. 4C).

In summary, the TP901-1 tail protein bands of approxi-
mately 95, 66, 63, 35, 30, 23, and 17 kDa are, from this and
previous studies, identified as ORF47, TMP*, N-terminal
ORF47%, ORF48, ORF46, MTP, and ORF49, respectively,
and these proteins are concluded to be the predominant struc-
tural proteins of the TP901-1 tail (Fig. 3).

The identified structural tail proteins of TP901-1 can be
associated to specific tail structures by comparing and evalu-
ating the SDS-PAGE mutant protein profiles with the TEM
results. It thus appears that the essential tail proteins TMP (66
kDa), ORF46 (30 kDa), and ORF47 (95 and 63 kDa) are
present in all of the TP901-1 derivatives with tail shafts, inde-
pendent of baseplate structure (Fig. 1 and 3). The tail tube

formation is addressed to the 23-kDa MTP (33) and, therefore,
TMP, ORF46, and ORF47 must be components of the remain-
ing tail shaft structures, such as the fiber and the conical struc-
ture, which is in agreement with the above identification of
ORF47 as the tail fiber protein. Likewise, it is observed that
the 48~ mutant (revealing a baseplate-free phenotype) is lack-
ing both the 35-kDa ORF48 and the 17-kDa ORF49 protein
bands, while the 49~ mutant, which is missing only the lower
baseplate disk, is lacking solely the 17-kDa ORF49 protein
band compared to the wt phage (Fig. 3, lanes 3, 4, and 6). We
therefore conclude that ORF48 constitutes the upper base-
plate disk, while ORF49 constitutes the lower baseplate disk.
Other proteins may, of course, be involved in the baseplate
formation, but these proteins must be present in significantly
lower amounts, since they were not detected by SDS-PAGE.
The structural functions of the individual proteins are listed in
Table 3.

Infection efficiency. Lysates of induced TP901-1 phages were
tested by plaque assays on the indicator strain L. lactis 3107 in
order to determine the titer and, hence, the infection efficiency
of the mutants (Table 4). For this experiment, the concentra-
tions of phages in the individual lysates were considered to be
comparable, since the wt and mutant phages were estimated to
be induced to approximately the same concentration from the

TABLE 4. Titration and sequencing of plaque-forming phages

Titer on

e No. of Length of
IT“ISQ‘BC]?? L.Sllaoc7tm plaque-derived sequence Sequence?
phage (PFU/ A alignment .
ml) sequences (nucleotides)

Wild type 2 % 10° ND“
46~ mutant 1 X 10° 10 794 wt
47" mutant 2 X 10° 0°
48~ mutant 4 X 10° 9 624 wt
49" mutant 4 X 10* 2 360 wt
50" mutant 5 X 10° 2 574 Amber mutation

“ Sequences were aligned with ClustalW at the website of the European Bioin-
formatics Institute; lengths of alignments are stated.

b Sequence at site of introduced amber mutation.

¢ Amplified phage fragments from plaques contaminated with DNA from L.
lactis.

IND, not determined.
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phage purifications and the subsequent electron microscopy
examination. The titer of the 50~ lysate was found to be at the
level of the wt phage, whereas the titers of the 48~ and 49~
lysates were reduced 10*- and 10°-fold, respectively, which in
the case of the 49~ mutant is consistent with prior observations
(52). In contrast, the titers of the 46~ and 47 lysates were
reduced only 10°-fold compared to the wt phage, which was
unexpected, as these mutants are tailless.

In order to examine the mutant phages that were able to
form plaques on the indicator strain, TP901-1 fragments were
amplified from individual plaques of mutant and wt phages and
subjected to sequencing. From the obtained and aligned se-
quences (Table 4), it was observed that, while the 50™ mutant
phages did contain the amber mutation, the plaque-forming
phages from the 46, 487, and 49~ lysates all had reverted to
the wt sequence and consequently did not contain the intro-
duced amber mutations (sequences not shown). We were not
able to obtain DNA sequences of phages from the 47 lysate,
but based on the similarity to the 46~ mutant, we presume that
the plaque-forming phages from the 47 lysate have also suf-
fered a reversion of the amber mutation.

Within the alignment of phage DNA sequences from the
48~ lysate, there were several indications of homologous re-
combination, i.e., that the mutant phages had obtained a se-
quence which was different but highly similar to the wt se-
quence instead of the inserted mutation. This is in accordance
with the Southern blot analysis, which revealed that the
TP901-1 lysogenic strain L. lactis 901-1 has additional pro-
phage sequences homologous to TP901-1 orf46-50. The se-
quenced regions of the phages originating from the remaining
mutant lysates were identical to wt TP901-1 sequences; how-
ever, we find it most likely that these mutational reversions also
are a consequence of homologous recombination between the
mutant phage and prophage sequences identical to TP901-1.

From the sequencing of plaque-forming phages, it is con-
cluded that ORF50 is unessential for infection of L. lactis 3107,
since the 50 mutant could infect the indicator strain with the
same efficiency as the wt phage. The 46, 48, and 49 tail
mutants were, however, unable to infect L. lactis 3107 unless
the phages had obtained the wt sequence in place of the amber
mutation, hence verifying that the tail and baseplate structure
are fundamental for host infection.

DISCUSSION

The infection processes of LAB phages and phages infecting
gram-positive bacteria are, in general, poorly understood com-
pared to those of phages infecting gram-negative bacteria (25,
27). The elucidation of the tail structure of a typical LAB-
infecting phage is a prerequisite for unraveling the mechanisms
of phage-host receptor recognition and phage DNA injection
of these phages. This report describes the investigation of the
distal tail structures of the L. lactis phage TP901-1 through the
construction and analysis of phage mutants, which were mu-
tated in five late transcribed genes.

Our analysis demonstrated that ORF46 and ORF47 are
structural tail proteins and that ORF47 constitutes a central
tail fiber. Because ORF46 and ORF47 are essential for tail
formation, as is the TMP (52), we propose that these three
proteins form a tail initiator complex constituting the tail fiber
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and the conical structure, which we have discovered in the
distal part of the TP901-1 tail. It has previously been argued
that the genomic organization of TP901-1 is comparable to the
N genome (9, 11). A comparison of the genetic organization of
the structural modules of TP901-1 and X\ supports this assump-
tion, since the structural proteins constituting the \ tail initia-
tor complex are encoded by genes positioned from the tape
measure protein gene to the tail fiber protein gene, corre-
sponding to tmp, orf46 and orf47 in the TP901-1 genome.

The TP901-1 baseplate was shown to consist of at least two
proteins, ORF48 and the previously identified ORF49 (52),
which form the upper and lower disk, respectively. Since the
48~ mutant lacks both disks, while the 49~ mutant has the
upper disk unstably assembled to the broader part of the con-
ical structure, we conclude that the assembly of the upper disk
is required for the lower disk assembly and stabilization and
that the baseplate disks are assembled onto the conical fiber
structure. The baseplate is not required for tail shaft forma-
tion, as the 48~ mutant displays a complete tail shaft without
a baseplate structure. The baseplate was, however, proven
essential for TP901-1 infection, as all tested plaque-forming
phages from 48~ and 49 lysates were shown to contain the wt
sequence in place of the amber mutations.

In this study, we have also analyzed the function of ORF50,
which is encoded between a baseplate gene and the putative
neck passage structure gene. The protein is highly conserved
among several L. lactis phages (Table 3 and data not shown)
and, moreover, contains a putative transmembrane domain. It
was anticipated that ORF50 could be involved in the infection
process, but the 50 mutant was determined to be indistin-
guishable from the wt phage with regard to morphology, pro-
tein profile, and infection efficiency. We therefore conclude
that ORF50 is unessential for TP901-1 host infection and tail
assembly. It is unclear whether ORF50 is independently ex-
pressed and constitutes part of the phage structure, but work is
currently under way to resolve this matter.

It is possible that proteins other than those examined in this
study and earlier studies are involved in the TP901-1 tail as-
sembly pathway. Two A\ proteins, gpG and gpGT, assist the A
tail assembly process and are not part of the N phage virion.
The proteins are encoded immediately upstream of the N TMP,
and a slippery sequence in gene G results in a sporadic trans-
lational frameshift and, hence, the production of gpGT (43).
At the corresponding genomic position, an identical slippery
sequence has been found in the 3’ end of TP901-1 orf43 (52),
and it has recently been demonstrated that the slippery se-
quence connecting the X genes G and T is strongly conserved
among tail assembly genes of double-stranded DNA phages
(589). It is therefore very likely that TP901-1 ORF43 and
ORF43-44 are assisting proteins of the TP901-1 tail assembly
processes.

The data presented here facilitate the formulation of a novel
hypothesis for TP901-1 tail assembly, which is based on the
identification of several new tail proteins and the finding that
the baseplate disks are assembled individually onto the conical
fiber structure (Fig. 5). In this hypothesis, the N-terminal part
of the TMP is expected to protrude from the initiator complex
in the opposite direction of the fiber, since this part of the TMP
determines the length of the tail tube (52). Furthermore, in
accordance with the general consideration that phage tails are


http://jb.asm.org/

VoL. 187, 2005

BACTERIOPHAGE TP901-1 TAIL STRUCTURE 4195

Putative assisting proteins

0 ORF43

© ORF43-44

Tail fiber protein

© (ORF47) Upper baseplate

_ _ _ disc protein Lower baseplate
Distal tail protein (ORF48) disc protein Major tail
O (ORF-
(ORF46) (ORF49) protein
© TMP

Cila La T

FIG. 5. TP901-1 tail assembly hypothesis. An initiator complex is assumed to be formed from TMP, ORF46, and the tail fiber protein ORF47.
The tail length determining the N-terminal part of TMP is expected to protrude from the complex. The baseplate is assembled onto the conical
fiber structure by independent assembly of the upper and lower disks constituted from ORF48 and ORF49, respectively, and the tail tube is formed
from polymerization of the major tail protein. It is currently unknown whether the baseplate disks are assembled before, during, or after tail tube
formation. Finally, the tail is joined to an independently assembled head structure. ORF43 and ORF43-44 (expected to be formed from a
translational frameshift at a slippery sequence in orf43) are putative assisting proteins equivalent to gpG and gpGT in the \ tail assembly process.

assembled from the distal to the proximal end (12), we propose
that the baseplate is assembled onto the initiator complex
before the tail tube is formed from polymerization of the major
tail protein (Fig. 5). The baseplate assembly is, however, not
fundamental for tail shaft formation, as the 48~ mutant con-
tained the tail shaft without a baseplate.

The present detailed analysis of the distal tail structures of
phage TP901-1 makes it possible to consider the function of
the individual structural elements. We have shown that the
baseplate, and specifically the lower baseplate disk, is crucial
for TP901-1 infection as the phage is unable to infect the
indicator strain when the baseplate genes are mutated, but
what is the function of the baseplate? The lower disk protein,
ORF49, is the most unique protein of the TP901-1 tail module,
since it displays full-length similarity to only a single protein
encoded by phage ¢LC3 (Table 3). Because TP901-1 and
¢LC3 have overlapping host ranges (they both infect the L.
lactis strains 3107 and Wg2 [4, 15]), this suggests that the
baseplate is a host interaction element and that the lower disk
protein, ORF49, is responsible for host receptor recognition.
In an effort to prove this thesis experimentally, further studies
of ORF49 and TP901-1 host interaction are in progress. An-
other notable structure of the TP901-1 tail is the central tail
fiber, which is the most distal part of the tail. The correspond-
ing fiber structure of the \ phage is responsible for binding of
the host receptor during infection (57); however, since the
TP901-1 baseplate is expected to possess this function, the
TP901-1 tail fiber protein ORF47 must have a function other
than that of N gpJ. ORF47 was found to share many charac-
teristics regarding sequence similarity, processing, and virion
incorporation with the lytic active Tal,,,, protein from the
Tuc2009 phage (38); therefore, we expect that ORF47 has a
lytic activity equal to Tal,yy, and that the two proteins share
the same function. Kenny et al. (38) suggested that Tal,g,
participates in the phage infection process by degradation of
the peptidoglycan (PG) in the cell wall. This suggestion is
supported by the present discovery of ORF47 constituting the
tail fiber, which must be inserted into the PG layer in order to

bring the baseplate in contact with the host cell receptor.
Proteins with muralytic activity, considered to be involved in
phage infection, are widespread among phages infecting both
gram-negative and gram-positive bacteria (40, 50). Moreover,
Moak and Molineux (50) claimed that the enzymatic activity of
these proteins must be constrained, e.g., by combination with a
structural component, in order to prevent enzymatic diffusion
and, hence, extensive degradation of the host PG layer, which
would lead to premature lysis. The construction of the distal
TP901-1 tail is comparable to the distal tail structures of the E.
coli TS phage, since the T5 receptor binding protein is local-
ized above a straight tail fiber. Upon T5 binding to the host
receptor, the straight tail fiber is considered to traverse the cell
envelope, thus allowing transfer of the phage genome into the
host cell (5, 42). It is, however, unlikely that the TP901-1 tail
fiber, which is only approximately one-third the length of the
TS fiber, can traverse the thick PG layer of a gram-positive host
cell, and it is therefore more probable that the TP901-1 tail
fiber participates in the host infection process by promoting
access to the host receptor or by assisting other, as-yet-uniden-
tified DNA transporting mechanisms.

The findings of this study have resulted in a thorough char-
acterization of the distal tail structure of TP901-1 and, further-
more, have led to reflections on host interacting mechanisms.
Based on this analysis and the proposed functions of the tail
proteins, we will use the following names in future studies: Dit
(distal rail protein) for ORF46, Talpog,.; for ORF47 (because
of high identity with Tal,,,, from phage Tuc2009), BppU
(baseplate protein upper disk) for ORF48, and BppL (base-
plate protein lower disk) for ORF49. The analyzed TP901-1
proteins show high identity to other phage proteins (Table 3),
and the structural functions are thus most likely also identified
for the homologous proteins of the L. lactis phages ul36,
Tuc2009, and bIL285. Furthermore, proteins and genomic or-
ganization among LAB phages are highly conserved (17, 45,
53), and the results of this study may therefore also be applied
to other phages.
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