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Abstract

Bacteriophage J-1 was isolated in 1965 from an abnormal fermentation of Yakult using the
strain Lactobacillus casei “Shirota”, and a related phage, PL-1, was subsequently
recovered from a strain resistant to J-1. Complete genome sequencing shows that J-1 and
PL-1 are almost identical, but PL-1 has a deletion of 1.9 kbp relative to J-1, resulting in
loss of four predicted gene products involved in immunity regulation. The structural
proteins were identified by mass spectrometry analysis. Similarly to phage A2, two capsid
proteins are generated by a translational frameshift and undergo proteolytic processing.
The structure of gp16, a putative tail protein, was modeled based on the crystal structure
of baseplate distal tail proteins (Dit) that form the baseplate hub in other Siphoviridae.
However, two regions of the C-terminus of gp16 could not be modeled using this template.
The first region accounts for the differences between J-1 and PL-1 gp16 and showed
sequence similarity to carbohydrate-binding modules (CBMs). J-1 and PL-1 gfp-gp16
fusions bind specifically to Lactobacillus casei/paracasei cells, and addition of L-rhamnose
inhibits binding. Phage adsorption inhibition assays revealed a higher affinity of J-1 gp16
for cell walls of L. casei subsp. casei ATCC 27139 in agreement with differential
adsorption kinetics observed for both phages in this strain. The data presented here
provide insights into how Lactobacillus phages interact with their hosts at the first steps of

infection.
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Introduction

Biotechnological processes employing bacterial cultures are subject to interference by
infection with bacteriophages (1). The deleterious impact of phages in fermentations is
common in the dairy industry where the organoleptic properties of cheese and other dairy
products rely on the use of starter cultures with combinations of specific strains. Phage
infection of these carefully selected bacteria can substantially delay the process, alter the

quality of the product, and in the worst-case scenario abort of the entire fermentation batch

).

Contamination in the dairy industry is common as phages can reside in the substrates for
fermentation and on surfaces of vessels and other equipment (3-6). Strategies to control
this contamination include milk pasteurization and sanitation of equipment (6-9), but
phages are rarely completely eliminated. Cultures of starter strains themselves can be
phage contaminated, likely due to induction of resident prophages and concomitant cell
lysis (10-13). In general, it is helpful to avoid lysogenic Lactic Acid Bacterium (LAB), but
the nature of starter strains is not always well defined, and in some strains multiple
prophages may be present (14). Rotation of starter strains generally helps to minimize the
negative impact of phages on fermentation (1). The increasing number of phage and
bacterial genomes sequenced has helped to elucidate phage-host interactions and the
engineering of resistant strains that are more robust during fermentation (15, 16).
Lactobacillus casei is widely employed in fermentation of vegetables, meat and dairy
products — including cheese and fermented milk. This bacterium is of interest because in
addition to its organoleptic properties in fermentation, some strains may have probiotic
properties (17, 18). Lactobacillus casei can tolerate the low pH of the stomach and

colonize the gastrointestinal tract (Gl) (19), with potential beneficial outcomes (20, 21).
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Forty-three phages that infect L. casei have been reported, sixteen of which
morphologically belong to the Myoviridae, twenty-one are Siphoviridae, and the other six
have not been morphologically classified (22). Among L. casei phages, A2 and phiAT3 are
the best characterized and the complete genome sequences have been determined. A2
was isolated in Spain from the whey of a failed homemade blue cheese product using L.
casei 393, and phiAT3 was recovered following induction from L. casei 393 using
mitomycin C (23, 24). Both phages belong to the Siphoviridae family and are temperate,

although they share little nucleotide sequence similarity (23, 24).

Among the other phages of L. casei, J-1 was isolated in 1965 in association with
fermentation failures during the production of Yakult, a Japanese beverage fermented from
skimmed milk and Chlorella extracts (25). Upon isolation, J-1 was shown to behave as a
virulent phage in the L. casei "Shirota" strain used for manufacturing of Yakult. A L. casei
strain resistant to J-1 infection was isolated, but after two years of use a second phage
designated PL-1 was isolated that infects the resistant strain (26). J-1 and PL-1 were
characterized extensively [reviewed in Sechaud et al. (27)] and shown to be serologically
related (28-30). Conditions for transfection of protoplasts with phage DNA (31-34), phage
inactivation (35-38), and characterization of DNA content (39, 40) have been reported. The
lysis cassette of PL-1 encoding a holin and an endolysin — a N-acetylmuramoyl-L-alanine
amidase — has been characterized (41), but the complete genome sequences of J-1 and

PL-1 were only recently reported (42).

Here we describe the genomic and structural features of phages J-1 and PL-1.

Interestingly PL-1 and J-1 genomes are almost identical and among sequenced phages
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are most closely related to phage A2. Compared to J-1, PL-1 has a deletion of 1.9 kbp
comprising 4 genes associated with the immunity cassette. PL-1 also differs from J-1 in a
gene (16) that has a predicted structure similar to distal tail proteins that form the
baseplate hub in other Siphoviridae. J-1 gp16 recognizes sugar motifs and specifically
binds to Lactobacillus casei/paracasei cells blocking phage adsorption, suggesting that

gp16 is involved in host recognition.

Material and Methods

Strains, Bacteriophages and Growth Conditions

Lactobacillus paracasei subsp. paracasei ATCC 27092 and Lactobacillus casei subsp.
casei ATCC 27139 were grown in MRS medium (Difco, USA) at 37°C under static
conditions. E. coli DH5a was used for cloning, and E. coli BL21(DES3) [pLysS] (Invitrogen,
USA) was used for protein expression. E. coli strains were grown in LB-Broth or nutritive
medium (Difco, USA) at 37°C under moderate shaking. When appropriate, antibiotics were
added at the following concentrations: kanamycin (15 pg/ml) (Sigma, USA) and
chloramphenicol (34 pg/ml) (Sigma, USA) for E. coli.

Lactobacillus phages J-1 and PL-1 used in this study were a kind gift of Dr. Quiberoni from
INLAIN (Instituto de Lactologia Industrial). Phage J-1 was propagated on L. casei subsp.
casei ATCC 27139 and PL-1 on L. paracasei subsp. paracasei ATCC 27092 in MRS broth.
Bacteriophage stocks were stored at 4°C in Phage Buffer (20 mM Tris-HCI, 100mM NacCl

and 10 mM MgSO.,).

Electron Microscopy
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Flve pl of Lactobacillus phage J-1 and Lactobacillus phage PL-1 lysates (10* PFU/mlI)
were allowed to sit on freshly glow-discharged 400-mesh carbon-Formvar-coated copper
grids for approximately 15 seconds. The grids were then rinsed with distilled water and
stained with 1% uranyl acetate. Virus particles were imaged on an FEI Morgagni

transmission electron microscope at 80 kV at a magnification of 56,000.

Identification of PL-1 and J-1 proteins

Approximately 50 pl (a total of 5 x 10'° PFU) of CsCl purified J-1 and PL-1 particles were
collected by centrifugation at 20000g for 30 min. The pellet was resuspended in 37.5 pl of
distilled water, frozen at -70°C and then mixed by vortexing. This cycle was repeated three
times and the solution was then heated to 75°C for 4 minutes. DNAse (2U) (Fermentas,
USA) was added and incubated for 30 minutes to reduce viscosity. Finally, 4X SDS
sample buffer was added and boiled for 2.5 min. Approximately 25 pl were loaded onto a
12% SDS—polyacrylamide gel and electrophoresed at 90 V until the dye ran off the gel.
The gel was stained with Coomassie blue. The visible bands were compared to a protein
standard to determine the approximate molecular mass.

For protein identification by mass spectrometry (MS), the same protocol described above
was applied but the gel was stained with colloidal Coomassie blue. The protein bands
were excised and digested in situ with trypsin or Lys-C followed by peptide elution,
chromatography, and tandem mass spectrometry (MS/MS) on an LTQ Velos Orbitrap
mass spectrometer and MALDI TOF MS. Peptides were matched against predicted J-1

and PL-1 phage proteins.

Computational Methods
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A Lactobacillus phages database was created and genome maps diagrams were drawn
using Phamerator (43), with the threshold parameters of 32.5% identity with ClustalW and
a BlastP E-value of 10°°, as described previously.

Protein domains in gp16 and gp17 of J-1 and PL-1 were detected using Pfam server (44).
In gpl6 a Sipho_tail domain (PF05709) was detected achieving E-values of 1.1e-72 and
4.6e-72 for J-1 and PL-1 respectively. The template for the comparative modeling of the
Sipho_tail domain structure was the PDB file 2x8k (chain A), which belongs to this family
according to Pfam, and was retrieved by BLAST. To align gp16 with the template
sequence we used the HMMER software and the HMM profile corresponding to Sipho_tail
family. For both J-1 and PL-1, two regions (Dom1 and Dom2) were not covered with this
template structure corresponding to an insertion of high probability in the Pfam HMM logo.
Dom1l and Dom2 were submitted separately to the HHPRED server (45) in order to detect
known structures with remote homology. Dom1 resulted in a significant hit against a
carbohydrate binding module (PDB chain: 1xc1A) with 98.4 and 93.2 probability values for
J-1 and PL-1 respectively. In the case of J-1, alignment presents an E-value of 4.1E-06, a
P-value=1.3E-10, an identity of 15% and a coverage of 80%. For PL-1, Dom1, achieved
an E-value=1.1, a P-value=3.5E-05, an identity of 14% and a coverage of 61%. Dom2
does not result in any significant hit for both J-1 and PL-1, so no further analysis was done.
No hits were found when submitting gp17 of J-1 and PL-1 to the Pfam server. Both
sequences were further submitted to the HHPred server achieving a high probability hit
(97.8%) against chain A in the PDB 1wru (E-value=0.0055 and Pvalue=1.7E-07), a
sequence that belongs to the Prophage_tail (PFO6605) family. The corresponding HMM
profile was used to align gp17 sequences with the template structure sequence. Sequence
identities between template structure (1wruA) and both PL-1 and J-1 in the context of

Pfam family (Prophage_tail) only cover about 40% of the sequences for the two of them
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achieving 7% identity each. In this case, HHPred alignment was preferred to use for
comparative modeling, which presents 8% identity and 35% coverage. MODELLER (46)
was used to build models based on mentioned alignments over the aligned regions. For
each target sequence, 10 different models were built, and their quality measures were

assigned using the GA341 when globular domains were analyzed.

Phage adsorption assays

For kinetics of adsorption assays L. casei subsp. casei ATCC 27139 or L. paracasei
subsp. paracasei ATCC 27092 were grown till an ODggo 0f 1 and 150 pl of cells were
infected with 150 pl of J-1 or PL-1 at a multiplicity of infection of 0.005. One tube per time
point was prepared and phages were allowed to adsorb from 5 minutes to one hour at
37°C in the presence of 10mM CacCl,. Cells were removed by centrifugation and
unadsorbed phages in the supernatant were measured using the double agar method.
Cell wall purification was done essentially as previously described (47). Briefly, bacterial
cells were centrifuged at 3200g and resuspended in 50mM Tris-HCI pH 7.5. Cells were
disrupted by sonication in the presence of glass beads (10 X 20 s followed by intervals of 1
minute on ice). Whole extracts were incubated with DNAse (30ug/ml) (Thermo Scientific,
USA) and RNAse (5ug/ml) (Thermo Scientific, USA) at 37°C for 1h and non-lysed cells
and debris were removed by a short centrifugation step (15009 for 5 min). Cell walls were
recovered from the supernatant by centrifugation at 20000g for 20 min and the pellet
washed three times with distilled water and stored at -20 °C. One part of this sample was
lyophilized and the weight (pg) was measured. Phage adsorption assays using cell walls

were done as described above but using 100 pg of cell walls instead of whole cells.

Molecular cloning
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DNA sequences were amplified by PCR using Go Taq DNA polymerase (Promega, USA)
following manufacturer’s instructions. A N-terminal GFP fusion expression vector was
constructed amplifying Egfp from pMP14 (48) with the following primers: ED74
(tgactCATATGgtgagcaagggcgaggagc) and ED75 (taccaGGATCCcttgtacagctcgtccatgec).
The PCR product was digested with Ndel and BamHI and cloned into pET28b (Novagen,
Merck Millipore, USA) to render pet28-GFP. Gene 16 and 17 were amplified using J-1 or
PL-1 DNA as templates. Gene 16 was amplified using ED76
(tagcaGAATTCgcaaatttaatatttggagg) and ED77 (tgaacGAGCT Ctcatagccatgcctcct) and
gene 17 using ED78 (gctaaGAATTCaaggatttttattttgtgga) and ED79
(gatccAAGCTTctaaactgcgtatacctca). Amplicons were digested with the appropriate
restriction enzymes EcoRI/Sacl or EcoRI/Hindlll (Promega, USA) and cloned into pET28-
GFP. Plasmids were named pet28- J-1 GFP-gp16, pet28- PL-1 GFP-gp16, pet28- J-1

GFP-gpl7 and pet28- PL-1 GFP-gp17.

Protein purification

Plasmids described above were transformed into E. coli BL21 (DE3) cells (Invitrogen,
USA) by electroporation for protein expression and further purification. Transformed cells
were grown at 37°C to an ODggo of 0.5 in nutrient broth and expression was induced by
addition of 0.5 mM IPTG. Cells were left overnight at 21°C before harvesting. Cell pellets
were resuspended in binding buffer (50 mM Tris-HCI pH 8, 300 mM NaCl, and 1 mM
PMSF) and disrupted by sonication (4 X 15 s). The lysate was centrifuged at 16000 g for
20 min, and the supernatants incubated with 300 pl of pre-equilibrated Ni-Agarose resin
(Novagen, USA) for 2 h at 4°C. The matrix was washed with 10 volumes of binding buffer,
10 volumes of the same buffer containing 25 mM imidazole and 5 volumes containing 60

mM imidazole. Elution was done with 4 volumes of buffer with 120 mM imidazole. Eluted
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samples were dialyzed twice against protein buffer (50 mM Tris- HCI pH 8, 150 mM NacCl,

1mM DTT), a last time in the same buffer but containing 30% glycerol and stored at -20°C.

gpl6 fluorescence binding assays

Cell binding assays using purified J-1 GFP-gp16 and PL-1 GFP-gp16 and GFP proteins
were carried out as described before (49) with some modifications. Briefly, 0.3 ml of
exponentially growing bacterial cells were centrifuged and resuspended in 100 pl of
modified phage buffer (20 mM Tris-HCI, 200mM NaCl and 10 mM MgSQ,, 0,1% Tween 20,
10 mM CacCl,) and incubated with 1 pg of protein fusions for 20 minutes at room
temperature. Cells were washed twice with PBS buffer and binding to the bacterial cells
was detected by fluorescence microscopy (Axiostar Plus; Carl Zeiss) with a 100X objective
with oil immersion, and phase contrast. When binding in the presence of sugars was
tested, J-1 GFP-gp16 and PL-1 GFP-gp16 were preincubated with 0.25 M L- rhamnose,
D- glucose or N-acetyl glucosamine for 30 minutes at room temperature and the protocol

was followed as described above.

Inhibition of adsorption assays

The inhibition of adsorption assay is an adaptation of the adsorption assay using cell walls.
In brief, 50 ul of cell walls (100 pg) were incubated with, 50 ul of buffer (control), J-1 GFP-
gpl16, PL-1 GFP-gpl6 or GFP at different concentrations at room temperature for 30
minutes. Then, 50 pl of phage was added (1x10° pfu/ml). The mixture was incubated at
37°C for 1 hour and cell walls were removed by centrifugation at 3200g for 10 minutes.
The unadsorbed phage in the supernatant was measured using the double agar method.
To test inhibition of adsorption by sugars the same protocol was followed using the

indicated carbohydrates instead of proteins. All sugars were used at 0.25 M.
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Nucleotide sequence accession number

GenBank accession number for J-1 is KC171646 and for PL-1 is KC171647.

Results

Genome sequencing of bacteriophages J-1 and PL-1

The J-1 and PL-1 genome sequences were determined by pyrosequencing. J-1 and PL-1
virion DNAs are 40,931 bp and 38,880 bp long respectively, and their G+C contents are
44.8 and 44.9 % respectively. Both phages have cohesive ends with10 base, single-strand
3'-extensions (left end; 3'- CGGTCGGCCT), 4 bases shorter than the
GAACGGTCGGCCTC sequence previously described by Nakashima et al. (50). Dotplot
analysis shows that J-1 and PL-1 are closely related (Fig. 1), with PL-1 having a 1.9 kbp

deletion corresponding to coordinates 23,513 to 25,418 in J-1.

Organization of J-1 and PL-1 genomes

Analysis of the J-1 genome revealed 63 potential ORFs and no tRNA genes. The most
commonly used start codon is ATG (73.5%) with lower usage of GTG (17%) and TTG
(9.5%). In J-1, 57 ORFs are transcribed rightwards, and 6 leftwards, and the deletion in
PL-1 results in loss or alteration of four leftwards transcribed genes, 27 to 30 (Fig. 2A).
The genome organizations can be divided into the following modules: DNA packaging,
virion structure, lysis, integration, immunity, and replication. The presence of integrase
genes (24) of the tyrosine recombinase family suggests a temperate origin of these

phages.

11
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Nucleotide sequence comparison with other LAB phages shows that J-1 and PL-1 are
most closely related to phages A2 (23, 51-54) and Lrm1, especially in the DNA packaging
and virion structure modules (Fig. 2B). Because the J-1 and PL-1 genomes are similar, we
will describe the functional assignments for J-1 and indicate where they differ for PL-1

(Table 1).

DNA packaging and virion structure

The DNA packaging module of J-1 contains genes 1 and 2, which are predicted to encode
the terminase small and large subunits respectively. J-1 gp1 is similar to the terminase
small subunit of phage Lrm1 (ORF1) (12), but the organization differs to that of phage A2
where the terminase small subunit is encoded by gene 61, and biochemical evidence
supports this functional assignment (55) (23). In J-1 and PL-1 a single orf at the right end
of the genomes (genes 63 and 59 respectively) corresponds to a fusion of A2 orf60 and
orfé1, similar to that of orf54 in phage Lrm1 (12). It is unclear whether J-1 gp63 and PL-1

gp59 play a role in DNA packaging in addition to gpl and gp2.

Examination by electron microscopy shows that J-1 and PL-1 have siphovirial
morphologies. J-1 has an isometric head of 65 £ 4 nm in diameter and a tail length of 283
+ 8 nm. PL-1 also has an isometric head of 62 + 4 nm in diameter and a tail length of 290
+ 7 nm, and a baseplate structure at the tip of the tail (Fig. 3); this is consistent with prior
reports (26). These reflect the most frequently found morphologies among LAB phages

(22).

Genes 4 and 5 code for putative portal and protease proteins, respectively, and are closely

12
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related to the corresponding genes in phage A2. The major capsid gene is organized
similarly to that in A2, where two types of capsid subunits are expressed; the product of
gene 5 (gp5A) and a C-terminally 85 aa extended form (gp5B) resulting from a -1
programmed translational frameshift at the 3’ end of gene 5. Both proteins appear to be
essential for phage viability (53). In J-1 and PL-1 a slippery sequence (CCCAAAA) is
present at the end of gene 6 and a -1 frameshift can facilitate expression of a longer form
(gp7), 86 amino acids longer than gp6 (Fig. 4A). Expression of gp6 and gp7 is supported
by SDS-PAGE of virion proteins (Fig. 3) and mass spectrometry (ms) (Table 2), including
peptides unique to gp7 (Fig. 4A). Quantification suggests that the ratio of gp6:gp7 is 2.5:1
(Fig. 3). J-1 gp6 and gp7 are also proteolytically processed involving cleavage of the N-
terminal 123 residues, similarly to that reported for the A2 capsid subunit. This is
supported by the observation that cleavage with Lys-C (which cleaves after lysine
residues) prior to MS/MS generates a peptide AVPTDAS reflecting cleavage following an
arginine residue, and correspondence to the sequence (N-AVPTADAS) of the mature form
of the A2 capsid. The 123-residue peptide presumably acts as a scaffold for capsid

assembly (56).

J-1 genes 8-11 are organized similarly to the putative head-tail connector protein genes of
both A2 and have partial sequence similarity to Staphylococcus aureus phage PVL head-
tail connectors (23). We presume that they provide similar functions in J-1 but we did not
identify the products by ms/ms analysis of intact virions, presumably because they are

absent or present in low abundance.

Phages belonging to the Siphoviridae family have long flexible tails containing many

copies of the major tail subunit. J-1 gp12 has similarity to the major tail protein of A2 (orf10
13
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(98% identity), but J-1 and PL-1 lack the putative frameshifting sequence (CCCAAAA)
present in the major tail subunit genes of phages A2 and Lrm1 (12, 57). J-1 genes 13 and
14 likely encode tail assembly chaperones expressed via a highly conserved (58)
programmed translational frameshift (5’- AAAAAAAT, Fig. 4B). These assembly
chaperones are not expected to be virion components but were detected by ms, perhaps
as contaminants in the phage lysates. Peptides identified are consistent with frameshifting
at the predicted sequence. J-1 gpl5 is the putative tape measure protein based on its
position and size (4,902 bp), as well as similarity with the putative tape measure proteins
of Lrm1 and A2 phages. A large number of peptides derived from this protein were

identified by ms (Table 2) and a product of the expected size was observed by SDS-PAGE

(Fig. 3).

A notable difference between J-1 and PL-1 is found in genes 16 and 17. gp16 of J-1 and
PL-1 were detected by ms analysis and unique peptides for each protein were identified
(Fig. 3 and Table 2). gp16 has similarity to A2 gp13 and several genes annotated as
putative phage tail protein genes in the genomes of several Lactobacillus strains. Multiple
sequence alignment revealed three highly conserved regions, and two variable regions
(Fig. 5A). The N-terminus of gp16 is identical in J-1 and PL-1 (residues 1 to 146) and
conserved in the other analyzed phages. After that, a region of 171 aa’s in J-1 and 122
aa’s in PL-1 with low identity between each other is found. Divergent sequences were also
identified in Lrm1, Lc-Nu, A2 and phiAT3. A short highly conserved region follows; then a
237 aa region similar between J-1 and PL-1 but with lower identity among the other
phages was found and finally at the C-terminal the gene products are highly similar (Fig.
5A). A Sipho_tail Pfam domain that encompasses the whole gene 16 of J-1 and PL-1 was

identified. However, the Sipho_tail HMM logo presents two long insertions with high

14



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

probability. Further analysis by HHPred revealed similarity between the N-terminus of
gpl6 and the distal tail proteins (Dit) of Bacillus subtilis SPP1 (59) and Lactococcus lactis
TP901-1 (60, 61) J-1 gp16 may thus act like Dit in providing a hub for anchoring the tail-
tube, tail-spike and baseplate (62). Modeling of the J-1 gp16 N-terminal domain on SPP1
Dit (PDB code 2x8k_A) suggests that they fold into very similar structures (Fig. 5B). The
first of the variable regions in gp16 (Dom1; ~120 aa) is a predicted carbohydrate- binding
module (CBM) present in enzymes that depolymerize plant cell wall polysaccharides into
simple sugars (Fig. 5C) to increase the catalytic efficiency by targeting the enzymes to its
substrate (63). J-1 and PL-1 gp16 Dom1 was modeled on the endo-f -1,4-galactanase
from Thermotoga maritima (PDB code 2xon: chain L), revealing putative structural
differences between the J-1 and PL-1 proteins that could reflect recognition of distinctive
sugar motifs or a differential sugar binding affinity (Fig. 5C). The second variable region
comprises 237 aa’s (Dom2) (Fig. 5B), and lacks a suitable template in the PDB for
modeling. The predicted secondary structure contained mostly B sheets resembling

galectin.

J-1 and PL-1 gp17 have similarity to proteins of phages Lrm1 and A2 that have been
annotated as host specificity proteins — as well as several host-encoded proteins
(presumably prophage-encoded in Lactobacillus and Streptococcus) annotated as phage-
related tail-host interaction proteins. The J-1 and PL-1 gpl7 proteins share 98% identity
and their N-termini is shared with related proteins of other Lactobacillus phages (Fig. 6A)
and contain the Prophage_tail Pfam family. HHPred analysis revealed that residues 1-400
share similarity to gp44 of phage Mu and the structure was modeled using this as a
template (PDB code 1WRU). The predicted structure of the N- terminal region can be

superimposed on Mu gp44 (Fig. 6B) and is also similar to both T4 gp27 (PDB 1K28) and
15
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Lactococcus phage p2 Orf16 (PDB 2WZP and 2X53). These proteins, assemble as
identical trimers, but can adopt different architectural arrangements (62). Although the
differences between J-1 and PL-1 gp17 (19 residues in total) are all in the N-terminal
region, the predicted structures are near-identical. The rest of gp17 resembles host
recognition proteins in Streptoccocus termophilus phages (64, 65) and contain five
collagen-like repeats (Gly-X-Y; Fig. 6A). The numbers of Gly-X-Y repeats differs in J-1, PL-
1 and their homologues, perhaps through recombination or replication errors (64, 66).
Taken together, the analyses of gp16 and gp17 suggest that are tail components involved
in host recognition, and the variation in the gp16 proteins and their homologues contribute

to host specificity.

J-1 and PL-1 adsorption assays

While propagating J-1 and PL-1 we observed that although J-1 forms large (~ 2 mm)
plaques on lawns of both L. casei subsp. casei ATCC 27139 (host to J-1) and L. paracasei
subsp. paracasei ATCC 27092, PL-1 forms similarly sized plaques (~1.5 mm) on lawns of
27092 strain but tiny pinprick plagues on 27139, so we decided to use these two strains for
further experiments. Both J-1 and PL-1 absorb with similar kinetics to L. paracasei subsp.
paracasei ATCC 27092, with more than 90% of particles adsorbed after five minutes of
incubation (Fig. 7A). However, the adsorption kinetics for both phages is different with L.
casei subsp. casei ATCC 27139. Only 60% of particles were adsorbed after 5 minutes,
and adsorption of all of the particles required 30 minutes incubation for J-1 and 60 minutes
for PL-1 (Fig. 7B). These results suggest that even though J-1 and PL-1 are very similar;
the small structural differences between each other account for the disparities observed in

this first step of infection.
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Gp1l6 fluorescence binding assays

To test the roles of gp16 and gpl7 in adsorption, we constructed and expressed gfp
fusions of both proteins encoded by J-1 and PL-1. Both gp17-gp fusions were expressed
but insoluble and were not studied further. Whole cells were incubated with the
recombinant proteins and then visualized by fluorescence microscopy (Fig. 8). The
fluorescent images showed that J-1 gfp-gp16 and PL-1 gfp-gp16 could bind to the cell
surface of L. casei subsp. casei ATCC 27139 (Fig. 8a-b) as well as L. paracasei subsp.
paracasei ATCC 27092 (Fig. 8c-d). Fluorescence was dependent on gp16 binding and
specific to the strains tested in that no signal above the background level was observed
with Lactobacillus acidophilus (Fig. 8e-f) or with gfp alone (not shown). The uniform
distribution of fluorescence suggests the ligands for gp16 binding are not localized in any
particular part of the cell but regularly distributed on the cell surface. These observations
are consistent with J-1 and PL-1 recognizing saccharide-containing receptors within the

outer layer of the cell wall, including a role for L- rhamnose as noted previously (67-69).

Examination of the effect of addition of different monosaccharides to the gfp-gp16 binding
assay is consistent with L-rhamnose being an important component of the receptor. Of all
the sugars tested only L-rhamnose showed strong interference with gp16 binding (Fig. 8 g-
j) and also reduced adsorption of whole phage particles by over 80% (Fig. 9). Similar
results were observed with L. paracasei subsp. paracasei ATCC 27092 (data not shown).
We also tested whether the gfp-gp16 fusions were able to specifically interfere with phage
adsorption. We observed concentration-dependent inhibition of adsorption of both J-1 and
PL-1 to L. casei subsp. casei ATCC 27139 although maximal adsorption inhibition of J-1
was 48% in the presence of J-1 gp16 but only 20% if PL-1 gp16 was used as competitor

(Fig. 10A). When adsorption inhibition of PL-1 was tested, these values were 39% and
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25% for J-1 gp16 and PL-1 gp16 respectively (Fig. 10B). These observations are
consistent with the sequence variations between J-1 and PL-1 gp16 being sufficient for a

differential binding affinity to the cell surface and playing a role in host specificity.

Lysis

The lysis cassette follows the virion structural genes, with gp22 being the putative holin
containing a predicted signal sequence, two putative transmembrane helices, and a highly
charged C-terminus. J-1 gp23 is the endolysin and N-acetylmuramoyl-L-alanine amidase
activity to hydrolyze the amide linkage in the peptidoglycan of L. casei as has been shown

previously (41).

Integration and immunity

J-1 gene 24 is identical in nucleotide sequence to a putative tyrosine-integrase present in
the genome of L. casei BL23 (LCABL_10790), and gp24 is also related at the amino acid
sequence level to the phage Lrm1 integrase. At the 5’ side of the integrase gene there is a
region of approximately 221 bp with no coding potential and is the likely location of attP.
Comparison of this region using BLASTN revealed a short segment of sequence identity
(49/50) in an intergenic region between an endolysin gene and a putative uncharacterized
protein in L. casei BL23, BDII, LC2W and ATCC 334 strains. This sequence is partially
present in phages AT3, FSW and Lrm1, temperate phages induced from L. casei ATCC
393, L. casei subsp casei ATCC 27139 and L. rhamnosus strain M1 respectively (12, 24,
70). We were not able to assign any function to genes 25 and 26 and there are no

homologous phage proteins to the correspondent gene products in the database.
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Genes 27 and 28 of J-1 are transcribed leftwards and are similar to orfs 21 and 22 of
phage A2. It is noteworthy that the deletion of 1.9 kbp in PL-1 genome spans positions
23,513 — 25,418 in J-1 and includes J-1 genes 27 to 30 (see below). The N-terminus of J-1
gp27 shares similarity to gp21 of phage A2 which is predicted to be an excise, although
this has not been experimentally validated. J-1 gp28 is similar to ORF25 of Lrm1 and
these are related to a negative regulator of the tcd operon (TcdC) found in several Gram-
positive bacteria. This regulator has been extensively studied in C. difficile where it
regulates expression of toxin genes tcdA and tcdB (71-73).

Using HHpred and CDD (Conserved protein domain database) of NCBI (74) it was found
that the products of gene 29 of J-1, that is transcribed leftwards and of gene 31 (gene 27
in PL-1) that is transcribed rightwards, have maximal homology to Cl and Cro proteins of
lambda (75, 76). It is plausible that this organization corresponds to the synteny found in
other lambda like phages where Cl is coded from right to left and Cro in the opposite
direction. Genes 30 and 32 of J-1 (28 in PL-1) have no homology to any known sequence
at the DNA level but a HTH (helix turn helix) domain could be recognized, indicating that

probably act as transcriptional regulators.

Replication module

Genes 37 to 41 (33 to 37 in PL-1) are predicted to be involved in DNA replication and
recombination. J-1 gp37 (gp33 of PL-1) encodes an Erf-family protein involved in DNA
single-strand annealing (SSAPSs) (77), and gp39 (gp35 in PL-1) is a putative SSDNA
binding protein (78). J-1 genes 40 to 44 in (37 to 40 in PL-1) are similar to orfs 34 to 38 of
phage Lc-Nu and likely perform similar functions. Gp40 (Gp36 of PL-1) has a HTH binding
domain at the N-terminus and is similar to several putative replication proteins. In gene 40,

a 19 bp AT rich region was observed flanked by several direct and inverted repeats,
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features common to phage replication origins (79). Upstream of this sequence, three
directed repeats comprised of another direct and inverted repeats were found. The AT rich
region is followed by inverted repeats capable of forming a stem-loop structure similar to
the one found in phage Lc-Nu (80). J-1 gp41 (gp37 in PL-1) is similar to DnaB helicases
(81) and gp43 (gp39 in PL-1) is a putative DNA binding protein. J-1 gp44 (gp40 in PL-1) is
a putative RusA-like Holliday Junction resolvase (82).

Other genes at the extreme right end of the genome code for small proteins mostly of
unknown function, although J-1 47 (43 in PL-1) encodes a putative cytosine DNA
methyltransferase. J-1 genes 54 and 55 (50 and 51 in PL-1) both encode potential
transcriptional regulators (83). J-1 gene 59 (55 in PL-1) codes for a putative HNH
endonuclease, and the possible function of the product of gene 63 (59 in PL-1) has

already been described.

Discussion

We described here the genomic and structural analysis of Lactobacillus phages J-1 and
PL-1. Although both phages were isolated about 50 years ago and extensively studied
(specially PL-1), their genome sequences have only recently become publicly available
(42). J-1 was isolated from a failed fermentation during manufacture of Yakult (25) and PL-
1 was isolated subsequently when using a derived strain resistant to J-1 (26, 27). Both
phages differ by only four gene products in the immunity region and in a tail protein (Fig.

2).

The deletion in PL-1 genome removes genes corresponding to 27, 28, 29 and 30 of J-1.
The presence of an integrase gene (24) strongly suggests that these phages are either

temperate or derived from a temperate parent. Stetter et al. (84) described the isolation of
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PL-1 lysogens in L. casei ATCC 334. A putative attB was found in the genome of L. casei
BL23 and turbid plaques could be detected after infection with J-1 and PL-1. However, we
were not able to isolate lysogens in this strain (data not shown). All the components of the
module are currently being studied in order to propose a mechanism to regulate lysis-

lysogeny in these phages.

J-1 and PL-1 are closely related to L. casei phage A2 among the packaging and structural
genes (1to 17). The predicted structural gene products could be detected in a SDS-PAGE
and identified by MS analysis as components of the virion (Fig. 3 and Table 2). Similar to
A2, two capsid proteins are present in the viral particle. These two gene products are the
result of a translational frameshift, so gp6 and gp7 share the amino termini but gp7 is 86

amino acids longer that gp6. In both proteins the N-terminus is proteolytically processed

(Fig. 4).

The virion structural gene module encoding the tail components following the canonical
organization depicted by Veesler et al. (62) with the tail terminator, the MTP (major tail
protein), the two chaperones (with the conserved translational frameshift), the tape
measure protein (TMP), the baseplate hub (Dit), the gp27-like/Tal (tail associated
lysozyme or tail fiber) and baseplate/tip peripheral proteins, seems to be conserved but
with some interesting differences. Only two high molecular weight proteins, gp16 (75 and
69 kDa in J-1 and PL-1, respectively) and gp17 (113 kDa) appear to be part of the
baseplate and host recognition apparatus. The predicted structure of gp16 is similar to Dit
proteins that form the baseplate hub. The N-domain and the belt present in orf 19.1 of
Sppl (62) could be superimposed with the N-terminus of gp16. This conserved structure

suggests that gp16 monomers, similarly to other phage Dit proteins, could connect to each
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other through this region to form a circular shaped hexamer with a central wide channel
that allows DNA traffic during phage infection (59, 61, 62, 85, 86). Also in analogy with orf
19.1 of Spp1l, could be expected that the C-domain protrude out of the cylinder core. The
C-terminus of gp16 is longer compared to other characterized Dit proteins and a variable
region between J-1, PL-1 and other analyzed Lactobacillus phages was recognized (Fig.
5A). The predicted structure of these variable regions (so called Dom1 of J-1 and PL-1
gpl6) resulted similar to carbohydrate binding modules (CBMs). After modeling, the
structural differences between both domains became more evident, suggesting a

distinctive binding or affinity for sugars (Fig. 5B).

A gfp-gp16 fusion yielded a product able to bind to Lactobacillus casei/paracasei cells (Fig.
8). Binding of this protein was inhibited in the presence of L-rhamnose. This sugar also
inhibited phage adsorption to purified cell walls (Fig. 9). The presence of L-rhamnose was
demonstrated in the cell walls of L. casei subsp. casei ATCC 27139 (87). Data shown here
strongly suggest that this carbohydrate is being used by the phage for host recognition and
gp16 is involved in this process. Adsorption inhibition assays indicate that affinity of
binding of J-1 gp16 to the cell walls of the 27139 strain is higher compared to PL-1 gp16
(Fig. 10). This is in agreement with results from whole cells phage adsorption assays (Fig.
7) and the observation that fluorescence intensity was consistently slightly dimmer with
PL-1 gp16 in the decorating assays in this strain (Fig. 8). We speculate that these
differences might be sufficient for a distinctive host range between both phages in a

suitable strain.

Based on the similarity to other phage proteins, gp17 has been annotated as the host

interaction protein. The N-terminus of gp17 has a similar structure to the gp27-like proteins
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that are part of baseplates and assemble as trimers (62). An alignment of the host
interaction proteins of other Lactobacillus phages (Fig. 6A), showed a highly conserved N-
terminal moiety probably indicating its involvement in interaction with other phage proteins.
Goulet et al. (88) have shown that in phage Spp1, gp19.1 (Dit) and the N-terminal of gp21
(Tal) form a complex of one Dit hexamer with one gp21 N-terminal trimer where gp21 can
display a closed or an open conformation delineating a central channel to allow DNA
passage during infection. The conservation of Dit and N- terminal of gp27-like proteins
suggests that the Tal opening mechanism could be conserved in Siphophages infecting
Gram-positive bacteria (88). The C-terminus of gp17 (even similar between J-1 and PL-1)
is not conserved in the other analyzed Lactobacillus phages and the presence of a number
of collagen like repeats resembles the host interaction proteins found in S. thermophilus
phages. In these phages, it has been experimentally demonstrated that proteins carrying
these motifs are responsible of host recognition even probably not exclusively since
mutants with an expanded host range mapped also in other tail genes (64, 66). In contrast
with Lactococcal phages, no baseplate/tip peripheral proteins (as Receptor Binding
Proteins, RBPs) could be detected. The high molecular weight of gp16 and gpl7 in
addition to the data presented here suggests the C-terminal of these proteins could be
playing that role in J-1 and PL-1 phages.

A peptidoglycan-digesting domain could not be identified as part of gp17 or located
somewhere else in the genome. These activities digest the peptidoglycan to form a hole
permitting the passage of the dsDNA at the beginning of infection. Tail associated
lysozymes have been recognized and characterized in Tuc2009 and TP901-1 Lactoccocal

phages but not in p2 (89, 90).

High resolution crystal structures of the baseplate proteins in addition to electron
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micrograph reconstruction of phage particles would provide extremely useful data to

decipher the particular strategies of host recognition and infection used by these phages.
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Figure legends

Figure 1. Dot plot comparison of Lactobacillus phages J-1 and PL-1. A sequence file

containing J-1 was compared against a file containing PL-1 using Gepard (91).

Figure 2. A. Annotated genome maps of bacteriophages J-1 and PL-1. The viral
genomes of J-1 and PL-1 are represented in four tiers with markers spaced at 1-kbp and
100-bp intervals. The predicted genes are shown as boxes either above or below the
genome, depending on whether they are rightwards or leftwards transcribed, respectively.
Gene numbers are shown within each box. Putative genes can be divided in the following
six modules: packaging (light blue), virion structure (yellow), lysis (purple), integration and
immunity (red) and replication (orange). The putative proteins found in the extreme right
region are colored in green while the ORFs lacking function are white colored. B. Global
comparison of Lactobacillus phages. Two pairwise nucleotide alignment of phages J-1,
PL-1 and related Lactobacillus phages (Lrm1, A2, phiAT3 and Lc-Nu) using Phamerator
(43). The genomes are represented by horizontal lines with putative genes shown as
boxes above (transcribed rightwards) or below (transcribed leftwards) each genome; the

number of each gene is shown within each box.

Figure 3. Analysis and functional assignment of J-1 and PL-1 structural proteins.
Illustrated are electron micrographs of J-1 (left) and PL-1 (right) phage particles and SDS
gel electrophoresis of virion proteins showing the predicted gene products. Molecular

mass markers (Mk) are from top to bottom, 170, 130, 100, 70, 55, 40, 35 and 25 kDa.

Figure 4. Translational frameshift of capsid and chaperone mRNAs. A translational -1
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frameshifting near the end of transcribed genes 6 and 13 results in synthesis of two
different length products: gp6- gp7 (A) and gpl13-14 (B), respectively. The proposed
slippery sequence is shaded in gray. Aminoacid sequences depicted in bold letters
correspond to peptides detected by MALDI-MS for the short and long forms of the protein.
The underlined sequence in gp6-7 (A) corresponds to the N-terminal peptide detected by

MALDI-MS and confirms the predicted proteolytical processing.

Figure 5. Gp16 alignment and structure prediction. A. Aminoacid sequence alignment
of gp16 with similar proteins found in Lactobacillus phages, orf 19.1 of Spp1 and orf 46 of
TP901-1. Upper case letters correspond to aligned Pfam domain (Sypho_tail). B.
Predicted structure of gp16 of J-1 and PL-1 based on Sppl orf 19.1 crystal structure (PDB
code 2x8k_A). Dom 1 and 2 correspond to the regions that could not be modeled with this
PDB. Template is shown in yellow and the colors in the modeled structure correspond to
the domains shown in A. C. Predicted structure of Dom1 J-1 (orange) and Dom1 PL-1
(brown) of gp16 based on the CBM (carbohydrate-binding module) crystal structure of the

endo-f -1,4-galactanase from Thermotoga maritima (PDB code 2xon L) (gray).

Figure 6. Gp17 alignment and structure prediction. A. Amino acid sequence alignment
of gp17 with similar proteins found in Lactobacillus phages and gp44 of phage Mu. Upper
case letters correspond to aligned Pfam domain (Prophage_tail). B. Predicted structure of
the first 400 aminoacids of gp17 of J-1 and PL-1 (green) based on Mu gp44 crystal

structure (PDB code 1WRU) (yellow).

Figure 7. Kinetics of adsorption of J-1 and PL-1. L. paracasei subsp. paracasei ATCC

27092 (A) or L. casei subsp casei ATCC 27139 (B) cells were incubated with J-1 (circles)
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or PL-1 (squares). At the indicated time points, PFU/ml in the supernatant were measured

and percentage of adsorption was calculated.

Figure 8. Binding of gfp-gp16 to Lactobacillus cells. Recombinant proteins, J-1 gfp-
gpl6 or PL-1 gfp-gp16 were incubated with: Lactobacillus casei paracasei ATCC 27139
(a-b), Lactobacillus acidophilus (c-d) and L. casei paracasei ATCC 27139 in the presence
of L-rhamnose (e-f) or glucose (g-h). Cells were visualized by phase contrast (left image)

and fluorescence microscopy (right image). Magnification 1000X.

Figure 9. Adsorption of J-1 and PL-1 in the presence of sugars. J-1 (gray bars) and
PL-1 (black bars) were preincubated with 0.25M of the indicated sugars and further
incubated with cell walls of L. casei subsp casei ATCC 27139. PFU/ml in the supernatant
were measured and percentage of adsorption compared to the control was calculated. The

error bars represent the standard deviations of experiments done in triplicate.

Figure 10. Adsorption inhibition assays. Adsorption inhibition was determined when L.
casei subsp casei ATCC 27139 cell walls were incubated with increasing amounts of J-1
gp16 (gray bars) or PL-1 gp16 (black bars), followed by adsorption assays using phage J-
1 (A) or PL-1 (B). The error bars represent the standard deviations of experiments done in

triplicate.
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Table 1. Lactobacillus phages J-1 and PL-1 predicted genes and gene products.

Gene Start - Stop Gene Start — Stop Best database match % ldent. Predicted Function
Strand (Length-aa) Strand (Length- aa) (organism, gene)
J-1 PL-1

1F 90 - 545 (152) 1F 90 - 545 (152) Lactobacillus phage Lrm1, 1 97 Terminase, small subunit
2F 567 - 2279 (571) 2F 567 - 2279 (571) Lactobacillus phage A2, 2 96 Terminase, large subunit
3F 2291 - 2482 (64) 3F 2291 - 2482 (64) Lactobacillus phage Lrm1,3 96
4F 2488 - 3741 (418) 4F 2488 - 3741 (418) Lactobacillus phage A2, 3 96 Portal

5F 3695 - 4324 (210) 5F 3695 - 4324 (210) Lactobacillus phage A2, 4 85 Capsid Maturation protease
6F 4366 - 5568(401) 6F 4366 - 5568(401) Lactobacillus phage A2, 5a 99 Major Capsid

7F 4366 - 5825 (487) 7F 4366 - 5825 (487) Lactobacillus phage A2, 5b 99 Major Capsid

8F 5836 - 6195 (120) 8F 5836 - 6195 (120) Lactobacillus phage A2, 6 75 head-tail joining

9F 6185 - 6514 (110) 9F 6185 - 6514 (110) Lactobacillus phage A2, 7 92 head-tail joining

10F 6514 - 6900 (129) 10F 6514 - 6900 (129) Lactobacillus phage Lrm1, 9 98

11F 6900 - 7286 (129) 11F 6900 - 7286 (129) Lactobacillus phage Lrm1,10 98

12F 7320 - 7937 (206) 12F 7320 - 7937 (206) Lactobacillus phage A2, 10 98 Major Tail

13F 8036 - 8449 (138) 13F 8036 - 8449 (138) Lactobacillus phage Lrm1, 12 99 Tail assembly Chaperones
14F 8036 - 8550 (172) 14F 8036 - 8550 (172) Lactobacillus phage Lrm1, 12 90 Tail Assembly Chaperones
15F 8572 - 13434 (1621) 15F 8572 - 13434 (1621) Lactobacillus phage Lrm1, 13 97 Tape Measure

16F 13435 - 15474 (680) 16F 13435 - 15327 (631) Lactobacillus phage A2, 13 45 Tail Component

17F 15471 - 18590 (1040) 17F 15324 - 18443 (1040) Lactobacillus phage Lrm1, 15 85 Host Interaction

18F 18600 - 18923 (108) 18F 18453 - 18782 (110) Lactobacillus phage A2, 15 100

19F 18916 - 19047 (44) 19F 18769 - 18900 (44) Lactobacillus rhamnosus Lc-Nu, 17 84

20F 19072 - 19464 (131) 20F 18925 - 19317 (131) Lactobacillus phage Lc-Nu, 18 97

21F 19445 - 19687 (81) 21F 19298 - 19540 (81) Lactobacillus phage Lc-Nu, 19 79

22F 19677 - 19949 (91) 22F 19530 - 19802 (91) Lactobacillus phage PL1 99 Holin

23F 19951 - 21003 (351) 23F 19804 - 20856 (351) Lactobacillus phage PL1 100 Lysin

24R 22375 - 21224 (384) 24R 22228 - 21077 (384) Lactobacillus casei BL23 100 Integrase

25R 23246 - 22311 (312) 25R 23099 - 22164 (312) Lactobacillus casei BL23 96

26F 23265 - 23495 (77) 26F 23118 - 23348 (77) Lactobacillus casei BL23 100

27R 23632 - 23564 (24) Lactobacillus casei ATCC334 95

28R 23895 - 23656 (74) Lactobacillus Phage A2, 21 66

29R 25117 - 24488 (210) Latobacillus phage phiAT3, 25 88 Repressor

30R 25311 - 25105 (69) Lactobacillus rhamnosus LMS2-1 100 HTH binding domain
31F 25430 - 25684 (85) 27F 23379 — 23633 (85) Latobacillus rhamnosus LMS2-1 100 Repressor

32F 25687 - 26298 (204) 28F 23636 — 24247 (204) L.paracasei ATCC 25302 89 Anti-Repressor

33F 26326 - 26685 (120) 29F 24275 — 24634 (120) Lactobacillus phage phiAT3, 25 97

34F 26767 - 26919 (51) 30F 24716 — 24868 (51) Latobacillus phage Lrm1, 31 98

35F 26924 - 27127 (68) 31F 24873 — 25076 (68) Lactobacillus phage phiAT3, 26 91

36F 27145 - 28032 (296) 32F 25094 — 25981 (296) Enterococcus phage phiefll 29

37F 28032 - 28787 (252) 33F 25981 — 26736 (252) Lactobacillus phage LBR48 59 ssDNA binding protein
38F 28784 - 29458 (225) 34F 25094 - 25981 (225) Lactobacillus rhamnosus HNOO1 94

39F 29473 - 29958 (162) 35F 27422 — 27907 (162) L.paracasei subsp. paracasei 8700:2 88 ssDNA binding protein
40F 29936 - 30808 (290) 36F 27888 — 28757 (290) Lactobacillus phage Lc-Nu, 34 78 HTH binding domain
41F 30805 - 32067 (421) 37F 28754 — 30016 (421) Lactobacillus phage Lc-Nu, 35 98 DnaB Helicase
42F 32069 - 32413 (115) 38F 30018 — 30362 (115) Lactobacillus phage Lc-Nu, 36 90
43F 32426 - 32713 (96) 39F 30375 — 30662 (96) Lactobacillus phage Lc-Nu, 37 91 HTH binding domain
44F 32700 - 32954 (85) 40F 30649 — 30903 (85) Lactobacillus phage Lc-Nu, 38 93 RusA like
45F 32951 - 33316 (122) 41F 30900 — 31265 (122) Lactobacillus phage Lc-Nu, 39 99
46F 33328 - 33666 (113) 42F 31277 - 31615 (113) Lactobacillus phage A2, 43 96
47F 33678 - 34133 (152) 43F 31627 — 32082 (152) Lactobacillus phage Lc-Nu, 40 96 Methyltranferase
48F 34144 - 34551 (136) 44F 32093 — 32500 (136) Lactobacillus phage Lrm1, 48 57
49F 34544 - 34789 (82) 45F 32493 — 32738 (82) L. paracasei ATCC 25302 94

50F 34782 - 34952 (57) 46F 32731 - 32901 (57) L. paracasei ATCC 25302 56

51F 34977 - 35174 (66) 47F 32926 — 33123 (66) L.paracasei ATCC 25302 88

52F 35164 - 35457 (98) 48F 33113 — 33406 (98) Lactobacillus phage Lb338-1 81 RNA binding domain
53F 35450 - 35641 (64) 49F 33399 - 33590 (64) Haemophihlus parasuis SH0165 38

54F 35662 - 35880 (73) 50F 33611 - 33829 (73) Lactobacillus phage Lc-Nu,44 90 HTH binding domain
55F 35945 - 36382 (146) 51F 33894 — 34331 (146) Lactobacillus phage Lrm1, 49 96 ArpU family

56F 36471 - 36617 (50) 52F 34417 — 34566 (50) Lactobacillus phage A2, 54 98

57F 36779 - 37033 (85) 53F 34728 — 34982 (85) Lactobacillus phage A2, 57 89

58F 37058 - 38275 (406) 54F 35007 — 36224 (406) Lactobacillus phage Lc-Nu, 47 96

59F 38262 - 38792 (177) 55F 36211 - 36741 (177) Lactobacillus phage A2,60 97 HNH endonuclease
60F 38796 - 39116 (107) 56F 36745 — 37065 (107) Lactobacillus phage phi AT3, 52 78

61F 39119 - 39442 (108) 57F 37068 — 37391 (108) Lactobacillus phage A2, 61 89

62F 39455 - 40036 (194) 58F 37404 — 37985 (194) Lactobacillus phage A2, 62 95

63F 40026 - 40820 (265) 59F 37975 — 38769 (265) Lactobacillus phage Lrm1, 54 98 HNH endonuclease /

P-loop NTPase domain
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Table 2. Identification of virion-associated proteins

ap MW  Coverage® #PSMs® MW  Coverage® #PSMs”
[kDa] [kDa]
J-1 PL-1
gp4 (portal) 46,3 51,91 45 46,3 52,39 51
gp6 (major capsid) 29,90 55,44 837 29,9 82,54 561
gp7 (major capsid) 38,3 69,61 644 38,3 74,33 548
gp12 (major tail) 22,1 74,27 220 22,1 80,58 337
gp15 (tmp) 173,2 60,27 882 173,2 59,04 476
gp16 (tail component) 75,1 51,91 91 69,2 25,99 29
gpl7 (host interaction)  112,7 43,17 45 113,0 39,90 88

2 Percentage of predicted protein sequence identified in peptides.
® PSMs, peptide spectrum matches.
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