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The bacteriophage vB_YecM-$R1-37 (pR1-37) is a lytic yersiniophage that can propagate naturally in different Yersinia species
carrying the correct lipopolysaccharide receptor. This large-tailed phage has deoxyuridine (dU) instead of thymidine in its DNA.
In this study, we determined the genomic sequence of phage ¢»R1-37, mapped parts of the phage transcriptome, characterized
the phage particle proteome, and characterized the virion structure by cryo-electron microscopy and image reconstruction. The
262,391-bp genome of GpR1-37 is one of the largest sequenced phage genomes, and it contains 367 putative open reading frames
(ORFs) and 5 tRNA genes. Mass-spectrometric analysis identified 69 phage particle structural proteins with the genes scattered
throughout the genome. A total of 269 of the ORFs (73%) lack homologues in sequence databases. Based on terminator and pro-
moter sequences identified from the intergenic regions, the phage genome was predicted to consist of 40 to 60 transcriptional
units. Image reconstruction revealed that the ¢pR1-37 capsid consists of hexameric capsomers arranged on a T=27 lattice similar
to the bacteriophage pKZ. The tail of $pR1-37 has a contractile sheath. We conclude that phage ¢bR1-37 is a representative of a
novel phage type that carries the dU-containing genome in a ¢ KZ-like head.

Bacteriophages, the viruses that infect bacteria, are the most
abundant organisms on Earth, and it is estimated that for each
microbial isolate at least 10 different phages exist (19, 35). Present
knowledge indicates that phages are extremely diverse in nature
(7a). Studies on bacteriophages have escalated, since they are ex-
cellent targets for genomic and evolutionary research and as mod-
els for systems biology studies; in addition, they are important
vehicles in horizontal gene transfer. Phages are used as tools in
bacterial genetics, and phage gene products are used as tools in
molecular biology. Furthermore, their potential as therapeutic
agents during the increasing emergence of antibiotic resistance is
being reexamined (45, 46). In summary, a thorough knowledge of
the bacteriophage and its biology is considered essential to all
phage research.

We have isolated several Yersinia enterocolitica-specific bacte-
riophages that use different parts of lipopolysaccharide (LPS) as
receptors and used them to study the molecular biology and ge-
netics of LPS biosynthesis (2, 23, 24, 33, 34, 46—48). The bacterio-
phage vB_YecM-¢pR1-37 (dpR1-37) was isolated from sewage
based on its ability to infect Y. enterocolitica strain YeO3-R1, an
O-polysaccharide (O-PS)-lacking Y. enterocolitica serotype O:3
strain (44, 48). The host range of $R1-37, as well as genetic and
structural data, showed that the LPS outer core (OC) hexasaccha-
ride of Y. enterocolitica O:3 is the phage receptor (23, 37, 38, 48).

Electron microscopy and analysis of its genome indicated that
$R1-37 is an exceptionally large-tailed phage with an estimated
genome size of 270 kb (23). Structural studies on large bacterio-
phages with contractile tails are currently limited to the Pseu-
domonas aeruginosa phage GKZ. The icosahedrally ordered $KZ
head has a diameter of 145 nm, and it consists mainly of hexamers
formed by the 65-kDa major capsid protein Gp120 arranged on a
T=27 lattice. The pentameric vertices are occupied by complexes
composed of several other capsid proteins. The tail of phage $KZ
is contractile and approximately 200 nm long (14, 16).
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The nucleotide composition of the $R1-37 DNA is unusual,
with all thymidines replaced by deoxyuridines (dU) (23). Very few
bacteriophages with such characteristics have been encountered
and studied; therefore, in this work, we elucidated further the
biological, structural, and genomic features of pR1-37.

MATERIALS AND METHODS

Bacterial strains, phage isolation, and growth conditions. The Esche-
richia coli strains CJ236 [FA(HindIII)::cat (Tra™ Pil™ Cam")/ung-1 relAl
dut-1 thi-1 spoT1 mcrA] and KT8052 [A(pro-lac) thi ara trpE9777 ung-
I/F" (proAB lacI"ZAM15)] were used for propagating phage shotgun li-
braries. Bacteriophage dR1-37 was propagated in Y. enterocolitica O:3
strain YeO3-R1 (44, 48) as described previously (23), and large-scale iso-
lation and purification were performed as described previously (33, 42). E.
coli strains were grown in lysogeny broth (LB) (4) at 37°C. LB agar plates
(LA plates), LB supplemented with 1.5% Bacto agar, were used for all solid
cultures. Y. enterocolitica strain was grown in tryptic soy broth (TSB) or LB
medium at room temperature (22°C). Chloramphenicol (20 g ml™ ') or
ampicillin (150 wg ml~") was added to the media when required.

For the preparation of $pR1-37 for cryo-electron microscopy (cryo-
EM) studies, dR1-37 phage particles were prepared as described previ-
ously (21). Alternatively, cell debris from 500 ml of Y. enterocolitica O:3
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strain YeO3-R1 infected with $R1-37 was pelleted by low-speed centrif-
ugation (Sorvall SLA-1500 rotor) (8,500 rpm, 20 min, 4°C). Phage parti-
cles were precipitated with 1 M NaCl and 10% polyethylene glycol (PEG)
8000 at 4°C with stirring for 60 min. The precipitated phage particles were
harvested by low-speed centrifugation (Sorvall SLA-1500 rotor) (8,500
rpm, 20 min, 4°C). Phage particles were resuspended in TM buffer (50
mM Tris [pH 7.8], 10 mM MgSO,) and extracted along with an equal
volume of chloroform. After low-speed centrifugation (3,000 rpm, 15
min, 4°C), the aqueous phase was collected and loaded onto a linear 15 to
35% glycerol gradient in TM buffer (Beckman SW 41 Ti rotor) (24,000
rpm, 35 min, 4°C). The light-scattering bands were collected and used
immediately for preparation of the cryo-EM samples.

Genome sequencing. Two phage DNA genomic libraries were con-
structed to obtain the complete genomic sequence of phage dRI-37. Pu-
rified phage DNA was partially digested with the restriction enzyme Tasl
(Fermentas), and 1.5- to 2.5-kb DNA fragments were ligated into a pUC19
vector (58) digested with restriction enzyme EcoRI. In addition, a second
library was constructed where partially TasI-digested 2.5- to 3-kb DNA
fragments were inserted into a pPBAD30 vector (17), also digested with
EcoRI. Plasmid libraries were propagated in E. coli strain CJ236 or
KT8052, and the plasmid clones were purified with an Edge Biosystems
SeqPrep 96 kit (Edge BioSystems) or the E.Z.N.A. plasmid minikit I
(Omega Bio-Tek), respectively. For sequencing, universal forward and
reverse primers were used for the pUC19 library clones, whereas the prim-
ers for the pBAD30 library clones were BadFor (5'-CTACCTGACGCTT
TTTATCGCAAC-3") and BadRev (5'-GCAAATTCTGTTTTATCAGAC
CGC-3'). Primer walking with purified phage DNA and primers designed
based on the known phage sequence was used to close gaps between the
contigs. Both DNA strands were sequenced at least once. Sequencing re-
actions were done with an Applied Biosystems dye terminator (v.3.1) kit
and run on a 3100 capillary sequence analyzer. The average length of the
sequence reads was 741 bp, and the whole phage genome project database
contained 1,544 individual reads altogether; thus, the average sequence
coverage was 1,544 X 741 bp/262,391 bp = 4.36X.

Characterization of the genome ends. Bal31 digestion to identify the
phage genome physical ends was performed at 30°C with 0.5 units of Bal31
(New England BioLabs) and 30 pg of $RI-37 DNA following the suppli-
er’s instructions. The samples were removed at different time points dur-
ing incubation, and the reactions were stopped by chilling them on ice.
The DNA was extracted with phenol, precipitated with ethanol, and used
for Kpnl restriction digestions. The samples were analyzed on 0.7 to 1.0%
agarose gels.

Southern and Northern blot analysis. To identify whether the phage
replicates as a linear or circular molecule during infection, Southern hy-
bridization was performed using digoxigenin (DIG)-labeled phage-spe-
cific PCR fragments located near the identified physical ends of the phage
genome. The PCR fragments were amplified from the phage genome with
the primers fR-645 (5'-AGCTACTAAACGGATGGAAGAA-3"), fR-373
(5'-GGTATTCAGCAAATTCGTATAAGG-3"), fR-301 (5'-GAACTTTC
CGGTTAGTGGTCA-3'), and fR-525 (5'-TGCAGATGCAACATGATT
GTAATA-3") and labeled by digoxigenin using the DIG High Prime DNA
labeling and detection starter kit IT (Roche Diagnostics, Mannheim, Ger-
many). YeO3-R1 bacteria grown to the logarithmic phase were infected
with $R1-37 (atan MOI of 10), the surface-adsorbed phage particles were
eliminated after 5 min of incubation by washes with 0.5 M and 1 M NaCl,
and the infected bacteria were resuspended in LB. One-milliliter samples
were withdrawn at different time points for DNA isolation. The total
genomic DNA was isolated from all the samples using the Jet Flex genomic
DNA isolation kit (Genomed GmbH) and subjected to restriction diges-
tion with Kpnl. The digested products were transferred to positively
charged nylon membranes after agarose gel electrophoresis. After UV
cross-linking, the blotted membrane was incubated with the DIG-labeled
probes for 16 h at 42°C in a formamide-containing hybridization solution.
After high-stringency washes (0.1X SSC [1X SSC is 0.15 M NaCl plus
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0.015 M sodium citrate]), the bound DIG-labeled probes were detected
according to the instructions of the manufacturer (Roche, Germany).

The bacteriophage transcriptome was analyzed with Northern blot-
ting. The YeO3-R1 culture was grown to the logarithmic phase, and after
removing a sample for RNA isolation (time zero), the bacteria were in-
fected with $R1-37 (MOI value of 1), and the $R1-37-infected samples
were taken at 7-min intervals up to 42 min total duration. Total RNA was
isolated as described previously (3, 21). Five to 10 pg of total RNA was
denatured for 30 min at 50°C with glyoxal load dye (NorthernMax-Gly;
Ambion), and electrophoresis was performed according to the manufac-
turer’s instructions. The DNA probes for the Northern blots were ampli-
fied with PCR using phage gene-specific primers. To create single-
stranded DNA probes, digoxigenin-11-dUTP labeling was performed
with a second PCR by using just the reverse primers. The blotting, hybrid-
ization, and DIG detection were performed with the DIG system (Roche
Diagnostics GmbH) according to the manufacturer’s instructions.

Computational analysis. For general DNA analysis, the EMBOSS
package was used (40) as well as other Web-based services (see below).
Sequence assembly and analysis were done with the Staden software pack-
age (http://staden.sourceforge.net/). The Glimmer, RBSfinder, and Gene-
MarkS$ software programs were used for the prediction of open reading
frames and the putative start sites of genes (5, 11, 51). The TransTerm
program predicted the rho-independent transcription terminators (13).
The PHIRE program was used to identify repeat sequences in the phage
genome (27). The identification of bacterial promoter sequences was car-
ried out online (http://linuxl.softberry.com/berry.phtml) using the
BPROM program. The BLASTP (http://www.ncbi.nlm.nih.gov/BLAST/),
FASTA3 (http://www.ebi.ac.uk/fasta33/), and HHPred (http://toolkit
.tuebingen.mpg.de/hhpred/) programs were used to search putative ho-
mologies and proteins sharing similarities with predicted phage proteins.
The Artemis genome-browsing and annotation tool (http://www.sanger
.ac.uk/resources/software/artemis/) was used for genome annotation
(41).

Mass-spectrometric identification of phage proteins. SDS-PAGE-
separated proteins were identified by mass spectrometry (MS). For this,
the gel was stained with Coomassie brilliant blue or MS-compatible silver
stain (20). The individual separated protein bands or the gel regions of
proteins that were run only a few centimeters into the gel were cut from
the gels and “in gel” digested as described by Shevchenko et al. (43). The
proteins were reduced with dithiothreitol and alkylated with iodoacet-
amide before digestion with trypsin (sequencing grade modified trypsin,
catalogno. V5111; Promega). The peptides generated by enzymatic cleav-
age were analyzed by matrix-assisted laser desorption ionization—time-of-
flight (MALDI-TOF/TOF) MS using an Ultraflex TOF/TOF instrument
(Bruker Daltonik GmbH, Bremen, Germany) or by liquid chromatogra-
phy-electrospray ionization-tandem MS (LC-ESI-MS/MS) using an Ulti-
Mate 3000 Nano-LC system (Dionex) coupled to a QSTAR Elite hybrid
quadrupole TOF mass spectrometer (Applied Biosystems/MDS Sciex)
with a nano-ESI source (16). The peptide mass and fragment ion mass
data were identified using the Mascot version 2.2 (Matrix Science) against
an in-house database of the ORF set of $R1-37 using the BioTools 3.0
(Bruker-Daltonik) and ProteinPilot 2.0.1 (Applied Biosystems) inter-
faces. The search criteria for both Mascot searches were as follows: trypsin
digestion with one missed cleavage allowed, carbamidomethyl modifica-
tion of cysteine as a fixed modification, and oxidation of methionine as a
variable modification. For the peptide mass fingerprint spectra, the
maximum peptide mass tolerance was *80 ppm. For the LC-ESI-
MS/MS spectra, the maximum precursor ion mass tolerance and the
MS/MS fragment ion mass tolerance were both 0.2 Da, and a peptide
charge state of +1, +2, +3 was used. An identification was reported
when a significant match (P < 0.05) was obtained. In addition, to
consider the LC-ESI-MS/MS identification reliable, a minimum of two
peptides with an ion score of at least 40 was required.

Cryo-EM. Aliquots of phage $R1-37 (3 pl) were vitrified on holey
carbon film-coated grids (Quantifoil R 2/2) in liquid ethane as de-
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scribed previously (1). The specimens were imaged at —180°C in a FEI
Tecnai F20 field emission gun transmission electron microscope op-
erating at 200 kV and using a Gatan 626 cryoholder. Micrographs were
recorded on Kodak SO163 film under low-dose conditions at a nom-
inal magnification of X62,000. The film was developed in full-strength
Kodak D19 film developer for 12 min. When we assessed the internal
structure of pR1-37, the data were collected on a Gatan UltraScan 4000
charge-coupled-device (CCD) camera under low-dose conditions at a
nominal magnification of X68,000. All electron microscopy data were
collected in the Biocenter Finland National Cryo-EM unit, Institute of
Biotechnology, University of Helsinki.

Image processing. Films were digitized at 7-pum intervals on a Zeiss
Photoscan TD scanner, resulting in a nominal sampling of 0.113 nm
pixel !, and the images were further binned by four to 0.452 nm pixel '
to speed up orientation search and refinement. CTFFIND3 (30) was used
to estimate the contrast transfer function. Drifted and astigmatic micro-
graphs were discarded. ETHAN (25) was used to locate the virus particles,
and particles were extracted in the EMANI program Boxer (29). Bsoft
(20) was used for further image processing unless stated otherwise.
Auto3DEM was used to determine the particle orientations and origins
and to calculate the reconstructions (57). The resolution was estimated by
comparing two half-data sets using a Fourier shell correlation cutoff of 0.5
from Harauz and van Heel (18). The reconstructions were visualized in
Chimera (36).

Database accession numbers. The annotated nucleotide sequence
data for $R1-37 have been submitted to the EMBL/GenBank databases
under the accession number AJ972879. The full (DNA-containing) and
empty (DNA-lacking) $R1-37 reconstructions have been deposited in the
EMDB (Electron Microscopy Data Bank) with the accession codes
EMDB-2159 and EMDB-2160, respectively.

RESULTS

The $GR1-37 genome sequence. Two separate shotgun libraries of
the double-stranded (ds) $R1-37 DNA were sequenced and com-
bined with the previously obtained 76 kb of sequence (23), result-
ing in ca. 191 kb of sequence across 68 contigs. The gaps between
the contigs were closed by primer walking using purified bR1-37
DNA as the template to assemble a circular molecule of 262,391
bp. Both strands were sequenced over the entire genome.

The genome of $R1-37 is particularly A-dU rich, with the
G+C contentbeing 32.91%. A total of 367 open reading frames
(ORFs) were predicted from the genome, and the genes were
named in a clockwise fashion by the number and prefix “¢g,” and
the corresponding gene products were given designations be-
ginning with “Gp.” The transcriptional direction of 284 of the
genes (77.2%) was clockwise, and that of 84 genes (22.8%) was
counterclockwise. The average gene density per kilobase of the
phage genome was 1.406. The physical map of the genome is
shown in Fig. 1.

Mass-spectrometric fingerprinting of structural proteins.
Altogether, 69 structural proteins were identified by two ap-
proaches (Table 1). First, proteins in individual bands excised
from silver-stained SDS-PAGE gel (Fig. 2) were digested by tryp-
sin, and the identification was performed by peptide mass finger-
print or MS/MS analysis of the tryptic peptides; this was followed
by matching the identified peaks to the predicted protein se-
quences of the $pR1-37 genome using the Mascot software (Table
1). Seventeen proteins were identified by this approach, and the
identified proteins migrated in the gel nicely according to their
calculated sizes; for example, the proteins Gp196, Gp207, and
Gp234 (calculated masses, 95 to 102 kDa) were identified from the
94-kDa band, Gp300 (calculated mass, 78 kDa) from the 80-kDa
band, and Gp149 (65 kDa) from the 67- to 70-kDa band. An
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additional 52 virion proteins were identified by the second ap-
proach, via the analysis of tryptic peptides from gel slices of short
SDS-PAGE runs by LC-ESI-MS/MS. We used a Mascot score of 40
as the lower limit for the positive identification of proteins. The
peptide coverages of the identified virion proteins are shown in
Table S1 in the supplemental material.

The identified virion proteins are encoded by genes scat-
tered around the genome, which in many instances are appar-
ently organized into operons, i.e., g045 to g048, g081 to g079
(transcribed from reverse strand), g082 to g090, g128 to gl131,
g132 to g135, g146 to g150, g163 to g160, g173 to g178, g208 to
g197, g232 to g229, g236 to g233, g237 to g244, g272 to g270,
g281 to g280, and g300 to g294 (Fig. 1). Many of these operons
encode gene products which were not identified in MS analysis
but which may in the end prove to be present as minor constit-
uents in the phage particles.

Finally, only 18 of the identified 69 virion proteins showed
similarities to known proteins (Table 1). Gp079, Gp083, Gp099,
Gp135, Gp150, Gp178, Gp199, and Gp231 are discussed in more
detail below. Of the others, Gp131 showed similarity to DNA-
binding proteins and could therefore participate in DNA packag-
ing, Gp149 is suggested to be a tail sheath-forming protein, and
Gpl60 is a portal protein. Gp298 and Gp300 are suggested to
participate in the formation of the tail collar, and while Gp299 is
predicted to form the tail fiber, it was not identified by the MS
analysis.

RNA polymerase domains. Three gene products (Gp099,
Gp178, and Gp231) among the structural proteins showed weak
but significant similarities to the DNA-directed RNA polymerase
B and B’ subunits (Table 1; see also Table S2 in the supplemental
material). While only the size of Gp099 is that of a full-length 3
subunit polypeptide (ca. 1,400 residues), the others align to dif-
ferent parts of the 3’ subunit (Fig. 3). Gp099 was also identified as
a>100-kDaband in the SDS-PAGE analysis (see Gp099 in Fig. 2).
Furthermore, another three gene products (Gp102, Gp261, and
Gp274), which were not identified from the phage particles by the
MS analysis, showed similarities to different domains of the RNA
polymerase 3’ subunit (Table 1; Fig. 3). Gp274 and Gp178, which
aligned with the same part of the 3’ subunit, showed similarities
with each other (23% identity). Similarly, Gp231 and Gp102
showed local similarities over the Rpb1_5 domain of the B’ sub-
unit, with 27% identity over 147 amino acids (aa).

Genome annotation. Altogether, 140 of the 367 predicted
$R1-37 proteins (38%) could be annotated based on significant
amino acid sequence similarities to other proteins in databases
and/or they were identified as structural proteins by mass spec-
trometry (Table 1; see also Table S2 in the supplemental material).
Based on the available information, the gene products were anno-
tated and grouped to the following classes.

(i) DNA replication and repair. A number of genes were found
to code for proteins similar to the known enzymes of the DNA
replication machinery (Table 1; see also Table S2 in the supple-
mental material): Gp086 showed similarity to a RusA family Hol-
liday junction resolvase, Gp131 to a bacterial DNA-binding pro-
tein, Gp247 to DNA primase, Gp267 to DNA ligase, Gp269 to a
single-stranded DNA (ssDNA)-binding protein, and Gp335 to a
DnaB replication fork helicase. Gp213 showed similarity to the
RNase H enzyme, and it might function in the degradation of the
RNA primer during replication initiation. The remaining identi-
fied replication machinery-encoding genes appeared to either be
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incomplete or encode only some of the domains found in their
homologs. For example, the 210- and 469-aa proteins Gp143 and
Gp145 showed joint similarities to ~700-aa DNA helicases, suggest-
ing that they might constitute different domains of the helicase.
Gp313 appeared to be a group I intron that separates two domains of
the gyrase/topoisomerase-encoding genes g311 and g314, since the in
silico-joined Gp311-Gp314 product aligned over its entire length to a
number of DNA gyrase B subunits. Finally, the in silico-joined
Gp327-Gp329 polypeptide also aligned over the full length with the
DNA gyrase A subunit. On the other hand, the 420- and 576-aa
Gpl67 and Gpl70 proteins organized in divergent operons
showed similarities to much longer (ca. 1,000-aa) DNA poly-
merases. The 690-aa Gp096 protein showed similarity to a reverse
transcriptase, but at present we anticipate that it functions as a
DNA polymerase replicating the dU-containing DNA. Gp121 is
predicted to be a type III restriction endonuclease, and Gp286 to
be an exonuclease V, and both might be partly responsible for host
DNA degradation. Gp151 is a putative DNA mismatch endonu-
clease, and Gp187 may be a phosphoesterase, both involved in
DNA repair. Finally, Gp237 is a structural protein predicted to
have endonuclease activity (Table 1) and could function during
the headful packaging of the phage genome. Gp171, Gp230, and
Gp287 are putative homing endonucleases.

(ii) Nucleotide metabolism. Only a few genes coding for en-
zymes predicted to participate in nucleotide metabolism were
identified in the $R1-37 genome (Table 1; see also Table S2 in the
supplemental material): Gp56 is predicted to be a guanylate ki-
nase, Gp068 a phosphoribosyltransferase, Gp070 a nicotinate
phosphoribosyltransferase, and Gp103 a CMP/dCMP deaminase,
and Gp100 showed similarity to a purine nucleoside triphosphate
(NTP) pyrophosphorylase.

(iii) ATPases. Gp049, Gp061, and Gp304 are predicted to be
ATPases, albeit in different protein families (Table 1). Gp097 is
predicted to be a Clp-like ATP-dependent protease. Gp250
showed similarity to the RecA ATPases that mediate homologous
recombination (see Table S2 in the supplemental material).

(iv) Toxin antidote system and lysis proteins. Gp308 and
Gp309 showed similarities to the helix-turn-helix 3 (HTH3-3)
family of antidote proteins (Table 1). They could function early in
the infection process to overcome a bacterial abortive infection
system (26), remotely resembling the Dmd antidote protein of T4
(32). Gp084, Gp289, and Gp331 were predicted to act on pepti-
doglycan (Table 1); thus, they might be involved in the lysis of
bacteria.

High-GC content genes. While the average GC content of the
phage genome is ~33%, a number of genes had significantly
higher GC percentages, sharply rising in the GC plot from the
average level. Interestingly, 9 of the 13 >40%-GC genes (g094*,
g101%,g129%, g131%, g135%, g142, g144, g149%, g168*, g199%, g241,
g304, g326*) encoded phage particle structural proteins (indi-

Yersiniophage $R1-37 Genome

cated with an asterisk) (Table 1), indicating that either the genes
might be recent acquisitions or the higher GC content would allow
amore host-suited codon usage and therefore a higher expression
level.

Specific features of the genome. The TransTerm program pre-
dicted five tRNA genes in the genome (Fig. 1) encoding tRNA-Arg
(anticodon TCT), tRNA-Leu (TAG), tRNA-Leu (TAA), tRNA-
Met (CAT), and tRNA-Asn (GTT). While the tRNA-Asn gene is
located between genes g115 and g116, the other four genes are
located between genes g105 and g107. Gp352 and Gp363 showed
some similarities to tRNA synthetases (see Table S2 in the supple-
mental material).

The PHIRE program was used to identify repeat sequences in
the genome sequence of 20 bp with a maximum of 4 mismatches.
Two types of repeats were identified. First, a few locations with
(GXX), repeats, where X is A or dU. These repeats occurred
within genes g101, g130, and g278, resulting when translated in
peculiar poly(E) or poly(DE) sequences; however, no specific
functions for these gene products were identified.

The second type of repeats included 59 A-dU-rich repeats scat-
tered around the genome (see Table S3 in the supplemental ma-
terial). As most of them were located in intergenic regions (Fig. 1),
they might represent ¢pR1-37-specific promoters. Sequence anal-
ysis of the 59 repeats (Fig. 4) revealed a consensus sequence of
5’-uuuuannnAUAUAUuAUuannuga-3' (u=dU) for the putative
®R1-37-specific promoters (the uppercase letters indicate >90%
probability for this base in this position, the lowercase letters in-
dicate a preferred base, and n indicates any base).

The PHIRE search identified putative divergent ¢$R1-37 pro-
moters from the g169-¢g170, g273-g274, g282-g283, and g333-g334
intergenic regions (Fig. 1) but not from the g081-g082, g094-g095,
g099-g100, g116-g117, g167-g168, g208-g209, and g236-g237 inter-
genic regions. On the other hand, the BPROM prediction tool
identified putative o’° promoters from the latter locations, sug-
gesting that these genes may be transcribed by the host RNA poly-
merase (RNAP) (see Table S4 in the supplemental material). In
general, the intergenic regions of $pR1-37 predicted to contain a
promoter are, as a rule, very A-dU rich (in most such intergenic
regions, the GC percentages are 10 to 25), and the BPROM pre-
diction tool could easily identify putative ¢’° promoters from
these sequences. Further experimental evidence is needed to vali-
date the promoters.

In an attempt to confirm the promoter status of the PHIRE-
identified repeats, we cloned a number of the intergenic regions
into a luciferase reporter plasmid. The obtained reporter plasmids
were introduced into Y. enterocolitica strain YeO3-R1 to test
whether the putative promoters would be induced upon infection
by $R1-37. To our disappointment, this approach was not suc-
cessful, as in all constructs the reporter activity rapidly disap-
peared after phage infection (data not shown), suggesting that a

FIG 1 Map of the phage $R1-37 genome based on the nucleotide sequence deposited in nucleotide sequence databases under the EMBL/GenBank accession
number AJ972879. The defined left end of the genome, starting at nucleotide position 258,600, is shown at the top, and the undefined, redundant right end at the
bottom, with a dashed line representing the redundancy. The genes are shown by different-colored arrows, and every second gene number is indicated above the
arrow. The arrow directions indicate the coding directions of the genes. The genes encoding proteins identified by the MS analysis from the phage particles are
colored brown, the genes encoding proteins involved in nucleotide metabolism are yellow, and genes encoding proteins with some other function are red. The
predicted functions of the gene products are indicated above the arrows (see also Table 1). The locations of tRNA-encoding genes at 67.7 and 71.5 kb are shown
as blue cloverleaf outlines. The putative GbR1-37-specific (see Table S3 in the supplemental material) and the o’ promoters (see Table S4 in the supplemental
material) are indicated as red and green bent arrows, respectively. The putative antisense promoter at 163.2 kb is indicated by a blue bent arrow. The predicted
factor-independent terminators (see Table S5 in the supplemental material) are indicated by hairpins.
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FIG 2 Silver-stained SDS-PAGE analysis of ¢$R1-37 virion proteins. The
clearly visible individual protein bands that were excised for trypsin digestion
and MS identification are indicated (according to their relative masses in kDa)
between the sample and molecular weight standard (MW) lanes. The gene
products identified in these excised bands are indicated on the left. For the
identification of the other possible virion proteins, a shorter gel was run and
systematically sliced, and each slice was subjected to MS identification of its
proteins.

strong DNase was likely produced upon phage infection, resulting
in reporter plasmid degradation. The promoter reporter plasmids
produced interesting results in noninfected control cultures. The
g236-g237 intergenic region (that should contain divergent pro-
moters; see Fig. 1), when cloned into the luciferase reporter plas-
mid, functioned as a strong host RNAP promoter and produced a
high luciferase activity also found in E. coli. This supported the
BPROM prediction tool results, which identified ¢’® promoter
motifs in both directions from this sequence (see Table 54 in the
supplemental material). The ¢g233-¢232 intergenic region, carry-
ing a putative promoter sequence for genes g232 and g231, on the
other hand, strongly suppressed the background luciferase activity
in both E. coli and Y. enterocolitica, indicating the presence of
considerable transcriptional silencing potential. Detailed analysis
of the silencing revealed that it was due to antisense promoter
activity directed against g233 (L. Kalin-Ménttiri and M. Skurnik,
unpublished observations), and indeed, BPROM identified an an-
tisense ¢’® promoter motif from this sequence (Fig. 1; see also
Table S4). We speculate that the host RNAP-transcribed antisense
RNA would block the g233 expression in the early phase of infec-
tion, and this would be released later. As Gp233 is a phage struc-
tural protein (Table 1), it indeed should be expressed later in in-
fection.

Terminator-like hairpins were identified with a PHIRE search
using settings to detect repeats of 30 bp, allowing for 6 mis-
matches. These, combined with analysis of the $pR1-37 sequence
with the TransTerm program, resulted in the identification of 100
terminator-like hairpins all together. The locations of the termi-
nators are indicated in Fig. 1 and are listed in Table S5 in the
supplemental material.
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FIG 3 Alignment of the RNA polymerase B and ' subunit homologous
polypeptides of $R1-37.

The circular map of the genome gave no indication of where
the ends of the linear genome were. Restriction enzyme digestions
of the phage DNA revealed fragments that were not predicted
from the circular sequence; e.g., Kpnl gave extra 2.7- and 5.7-kb
fragments that likely represent linear genome ends (Fig. 5A). The
simplest explanation for the extra fragments is the presence of a
>8.4-kb terminal redundancy. The controlled Bal31 digestion
prior to Kpnl digestion caused the disappearance of the 5.7- and
2.7-kb bands (Fig. 5A). This indicated that the genome is a non-
permuted linear molecule. On the other hand, digestion with SphI
produced an extra 6-kb fragment. Analysis of the possibilities of
the sequence-predicted 33 Kpnl and 6 Sphl sites fitting the extra
fragments revealed that only the Sphl site at position 2,540 could
accommodate the extra Kpnl fragments such that the left end of
the phage would be located at ca. 258,600 and the right end at ca
4,600 of the circular map. Indeed, sequencing the phage genomic
DNA or the 6-kb Sphl fragment using reverse primers (3’ ends at
258,727 and 258,973) identified the left end unequivocally at nt
258,670 (Fig. 5B); however, the right end could not be mapped at
position 4,600 or elsewhere despite the use of several different
restriction enzymes and sequencing primers. Further experimen-
tal work is needed to elucidate the nature of the right end of the
genome.

It is possible that the phage DNA circularizes during infection
based on the terminal redundancy of the genome. To address this
experimentally, we designed a DIG-labeled probe that hybridizes
to the 15.7-kb Kpnl fragment that overlaps the 5.7-kb left end of
the genome. The total DNA isolated from the phage-infected bac-
terial samples digested with Kpnl was analyzed by Southern hy-
bridization. If the phage replicates in circular form, the left-end
5.7-kb Kpnl fragment should not be seen with Southern hybrid-
ization; only the 15.7-kb Kpnl fragment should be detected (Fig.
5C). Both the 5.7- and the 15.7-kb fragments were present at all
the time points, indicating that the phage genome is linear
throughout the infection area (data not shown). These data, how-
ever, cannot exclude the possibility that a fraction of the replicat-
ing genomes take a circular form during infection.

Finally, there is a case of possible frameshift for g040 and g041.
The ORFs overlap by over 40 bp, giving the possibility for a ribo-
somal slippage over a stretch of poly(A). A similar phenomenon
has been described for several phages; an example is the Bacillus
subtilis phage SPO1 and its relatives, where a +1 frameshift over
an AAAG sequence results in a protein facilitating the assembly of
the tail tube around the tail length tape measure protein (49).
While no function could be predicted for the g040 and g041 prod-
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FIG 4 Sequence logo of the putative phage pR1-37 promoters generated using the sequence logo generator (10) (http://weblogo.threeplusone.com/) and the
data in Table S3 in the supplemental material. The upper logo shows the residue probabilities, and the lower logo shows the information content at each position.

uct(s), their locations are similar to that of SPO1, being directly
upstream of the genes that encode structural proteins.

Snapshots of the ¢R1-37 transcriptome. To evaluate the tem-
poral expression of the $R1-37 genome, we performed a Northern
blot analysis using probes targeting selected genes encoding prod-
ucts with a significant similarity to known proteins (Table 2).
Since the burst time leading to the lysis of phage $R1-37-infected
bacteria is ca. 70 min (23), the total RNA from infected bacteria
was extracted every 7 min after infection up to a total duration of
42 min. Northern blotting results after low-stringency washes
showed that in most cases, a single major band hybridized with the
probe (Table 2). The exceptions were the g070 to g072 and g103
probes, which showed a wide range of signals with high-molecu-
lar-weight bands in the early time point and an accumulation of
shorter species later, and the g329 probe, which hybridized to
three bands, of which the middle band (4 kb) was of the size
predicted to carry the g329 transcript (data not shown). Appar-
ently, in these multicistronic operons, the mRNA was degraded to
smaller fragments with different half-lives. The Northern blotting
results demonstrated that the transcription of the nucleotide me-
tabolism-associated genes g70 and g103 had started in the 21-min
samples, as was also the case with the g329 gene, encoding the
gyrase A subunit, while the DNA replication-related g145 (heli-
case) transcription had started a little later, at 35 min, and that of the
phage structural proteins only at 42 min. The earliest (at 7 min) tran-
scription was detected for g231, encoding an RNAP B subunit-like
protein.

Cryo-EM and image reconstruction of pR1-37. We analyzed
purified $R1-37 viral particles using cryo-EM and three-dimen-
sional image reconstruction in order to further characterize the
virus. Half of the particles observed were intact DNA-filled virions
(Fig. 6A, black arrow). The other half of the particles comprised
empty DNA-lacking viruses (Fig. 6A, white arrow). Both particle
types were copurified in a glycerol gradient. Of the DNA-contain-
ing virions, 97% were tailed (n = 177), compared to the empty-
type particles, of which merely 25% were tailed (n = 219). The
DNA-filled virion shown in Fig. 6A has an uncontracted tail (black
arrowhead), and the empty particle has a contracted tail (white
arrowhead). A closer inspection of the previous EM analyses (23)

December 2012 Volume 86 Number 23

revealed that the measurements were based on an inaccurate cal-
ibration of the electron microscope and that the reported dimen-
sions were 1.3- to 1.5-fold too small. Indeed, the Gp83 is the tail
tape measure protein (TMP) of 2,553 aa. According to other
TMPs, each amino acid contributes ca 1.5 A to the tail length (22,
49); thus, the calculated tail length would be 383 nm, which is in
stark contrast to the 246 nm that we reported earlier (23). A re-
evaluation of the values based on cryo-EM measurements resulted
in the following corrected dimensions for ¢$R1-37 (Fig. 6B). The
length of the uncontracted tail is 310 = 10 nm (n = 12), whereas
the length of the sheath on the contracted tail is 130 = 10 nm (n =
12), with the inner tube extending 170 nm outside the contracted
sheath (Fig. 6A). The neck between the phage head and tail is approx-
imately 15 = 5 nm long. The elongated tail tip has clear 75-nm-long
tail fibers (Fig. 6A, asterisks; shown schematically in Fig. 6B), as was
observed by Kiljunen et al. (23).

We calculated icosahedrally symmetric three-dimensional re-
constructions of both particle types (Fig. 6C to E and 7). The
reconstruction of the intact virion was calculated to a 23.8-A res-
olution from 1,028 particle images using 297 micrographs (under-
focus range, 0.05 to 5.76 wm) (Fig. 6C and 7A). The reconstruc-
tion of the empty viral particle was calculated to a 23.4-A
resolution from 1,022 particle images using 322 micrographs (un-
derfocus range, 0.07 to 5.15 wm) (Fig. 6D and 7B). Both particle
types were angular in appearance, with the empty particles having
an approximately 9-A-larger radius than the DNA-filled virions,
as measured from the radial intensity profiles of the reconstruc-
tions (Fig. 6E). The diameters of the intact $R1-37 virion are 138
nm from vertex to vertex and 121 nm from facet to facet. Similarly,
the sizes of the empty $R1-37 particle are 138 nm from vertex to
vertex and 123 nm from facet to facet (Fig. 6B and E). The average
thickness of the capsid in both particle types is 4.5 nm (Fig. 6E).
Based on the internal volume of the $R1-37 virion and assuming
that the genome fully occupies the cavity (as seems to be apparent
from central sections and radial profiles; Fig. 6C and E), the pack-
aging density is 0.385 bp nm . The concentric rings of DNA are
packaged at an average spacing of 2.7 nm (Fig. 6C and E), which is
comparable to the 2.4-nm spacing of bacteriophage $KZ (16).

The capsomers of $R1-37 are arranged on a T=27 lattice (Fig.
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FIG 5 Physical ends of the phage genome. (A) The phage genomic DNA was treated with Bal31 for 0, 30, and 60 min and thereafter digested with Kpnl. The 5.7-
and 2.7-kb Kpnl fragments that disappear in the 30- and 60-min samples are indicated. M lanes, molecular mass markers. (B) Snapshots of sequencing reads
using whole-phage genome or the isolated 6-kb Sphl fragment as the template, demonstrating the end of the template. In the whole genome read, the sequence
intensity drops to half due to the end of the template in the left end of the genome, while the primers that started the reads from the redundant right end of the
genome continue further. (C) Strategy to detect the circular form of the phage genome by Southern blotting. A probe covering nt 258,737 to 259,767 would
hybridize only to the 15.7-kb Kpnl fragment if the replicating form of the genome was circular but to 5.7- and 15.7-kb Kpnl fragments if it was linear.

7A), formed by the major capsid protein Gp135 (Table 1). A sim-
ilar T number has been observed in the myovirus bacteriophage
&KZ of Pseudomonas aeruginosa (14, 16), where the major capsid
protein is predicted to have the HK97 fold, and the icosahedral
satellite virus Sputnik of the giant mimivirus (50) is predicted to
have a double B-barrel fold. The surface of $R1-37 is covered by

protrusions similar to those of the bacteriophage $KZ (16), with
the type I protrusions located at the center of the hexameric cap-
somers on the quasi-6-fold axes (Fig. 7A, red dots) and the larger,
elongated, and rotated type II protrusions located at the periphery
of the hexamers on local 2-fold axes of symmetry (Fig. 7A, yellow
dots).

TABLE 2 Summary of the Northern blot results for expression of selected $pR1-37 transcripts

Time after
Size of transcript(s) infection
Gene (kb)* (min) Gene product similarities (see Table 1)
g048-g049 ~1.2 42 Gp048 is a phage structural protein and Gp049 is similar
to PhoH-like phosphate starvation-inducible ATPase
g070-g072 ~0.7 to ~10 21-42 Nicotinate phosphoribosyltransferase
gl03 ~3-8 21-42 Zinc-binding CMP/dCMP deaminase
gl45 ~3 35-42 ATP-dependent DNA helicase
g170 ~3 21-42 DNA polymerase type B family
g231 ~10 7-28 DNA-directed RNA polymerase, 3 subunit
281 ~3 42 Phage (tail) structural protein
2298 ~5 42 Phage tail collar protein
329 ~3,4,and 5 21-42 DNA gyrase subunit A

“ The sizes of the transcripts were estimated with the help of the RNA markers and rRNA bands.
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FIG 6 Organization of $pR1-37. (A) Electron cryomicrograph (2.5 pum underfo-
cus) of $pR1-37 showing intact DNA-containing virions (black arrow) with ex-
tended tails (black arrowhead) and empty DNA-lacking particles (white arrow)
with contracted tail sheaths (white arrowhead). The clear tail fibers are visible
starting at the tip of the extended tail and reaching to the sides (the ends of two tail
fibers are indicated with asterisks). Bar, 100 nm. (B) Schematic representation of
an intact (gray head) and an empty (white head) $R1-37 particle with uncon-
tracted and contracted tails, respectively. The numbers indicate the sizes obtained
in this study. (C) A 0.45-nm-thick central section through the 23.8-A-resolution
DNA-containing virion reconstruction. The symmetry axes are indicated with a
white ellipse (2-fold), triangle (3-fold), and pentagon (5-fold). The black arrow-
heads point to three successive layers of packaged DNA. Bar, 20 nm. (D) A 0.45-
nm-thick central section through the 23.4-A-resolution DNA-lacking particle re-
construction. A black arrow points to the connector density at one of the 5-fold
vertices. (E) Radial density profiles of the icosahedral reconstructions of
the DNA-containing (solid line) and DNA-lacking (dashed line) viral particles.
The capsid density is indicated with a C, and the DNA with a D.
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FIG 7 Structure and capsomer organization of $R1-37. (A) A radially colored
isosurface representation of the DNA-filled virion drawn at 20 above the mean
viewed down a 2-fold symmetry axis. The symmetry axes are indicated with a
white ellipse (2-fold), triangle (3-fold), and pentagon (5-fold). The triangula-
tion number (T) of a virus describes the geometrical arrangement of the cap-
somers and is given by the relationship T'= h? + hk + k* (8). The integers h
and k that define the lattice points for a T=27 lattice (h = 3 and k = 3) are
indicated with white dots. The color key indicates radii (57 to 67 nm). (B)
Surface representation of the DNA-lacking particle drawn at 40~ above the
mean viewed down a 2-fold symmetry axis. (C) Blow-up of a facet of the
$R1-37 virion viewed down a 3-fold axis of symmetry. The symmetry axes are
indicated as described for panel A. Five hexameric capsomers are outlined in
blue for clarity. The type I protrusions on the capsomers are indicated with red
dots, and the type II protrusions with yellow dots. The type II protrusions are
shared by adjacent capsomers.

Fuzzy density on the inside of the capsid for the connector was
evident in the icosahedrally averaged reconstruction of the empty
particles (Fig. 6D, black arrow). Each vertex appears to contain
this density, although it is most probably located only at the vertex
where the tail attaches (see where the contracted tail enters the
empty head in Fig. 6A). In bacteriophage $bKZ, the core of the
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icosahedral head is radiation sensitive (56) and thus can be distin-
guished in heavily irradiated samples. However, the core of
$R1-37 is no more radiation sensitive than is the rest of the par-
ticle, so no distinct structure could be detected by repeatedly ex-
posing the virus to an increasing electron dose (data not shown).

DISCUSSION

We have characterized the structure, proteome, and genome of
yersiniophage ¢pR1-37. The genome includes 367 ORFs and 5
tRNAs. We could identify the physical left end of the genome to
the nucleotide (Fig. 5) but not the right end, even though the Bal31
digest (Fig. 5A) clearly demonstrated that two Kpnl bands started
to disappear at the same time, indicating that the Bal31 enzyme is
able to access the genome from both ends simultaneously and,
consequently, that the right end features a fixed structure. Thus,
we have to conclude that the right end of the genome and the
length of the terminal redundancy remain unresolved, but it ap-
pears to be >8 kb. Furthermore, the findings suggest that the
phage DNA may not be packed by the conventional pac-type
headful mechanism (31). On the other hand, we estimated earlier
that the phage genome size was 270 kb (14), which is 103% of the
full-length genomic sequence reported here. This is a typical per-
centage for headful-packaged genomes. The presence of a fixed
left end would suggest a novel DNA-packaging strategy. If correct,
it would indicate that the genome packaging into the heads would
always start from the unique left end and that the right end would
be (semi)randomly cleaved after headful packaging. At the same
time, it would indicate that the phage might not use the concate-
mer strategy in DNA packaging (6). Our Southern blot experi-
ments on DNA isolated from infected bacteria at different time
points after infection revealed the presence of the left-end termi-
nal 5.7-kb Kpnl fragment in all samples, further suggesting that
most of the replicating DNA is linear in form. Based on these
genome properties and the unique DNA composition, bR1-37
appears to represent a novel phage type.

The $R1-37 genome encodes 140 proteins that are either sim-
ilar to known proteins or were detected as structural virion pro-
teins by MS analysis (Table 1), thus leaving 227 proteins without a
function. The phage gene products predicted to participate in nu-
cleotide metabolism are part of the normal nucleotide biosynthe-
sis pathway and did not explain the strategy by which ¢R1-37
controls the host nucleotide metabolism and redirects it from
dTTP to dUTP. The only phage for which this has been studied to
any extent is the Bacillus subtilis phage PBS2. This phage expresses
a distinct set of proteins and enzymes that participate in the syn-
thesis of the dU DNA, but only one of these, a protein called
uracil-DNA glycosylase inhibitor (Ugi), has been characterized in
detail (55). Ugi inhibits the breakdown of dU DNA in the cell by
inhibiting the uracil-DNA glycosylase, the first enzyme of the base
excision pathway (BER) (28). The $R1-37 genome did not code
for proteins showing sequence similarity to PBS2 Ugi, illustrating
that these two phages apparently do not share the same mecha-
nism for maintaining the dU DNA or that the proteins are too
evolutionarily distant to be detected by amino acid sequence
alignment.

Sequence analysis identified several genes encoding proteins
that show significant similarity to DNA-directed RNA polymerase
B and B’ subunits (Table 1; Fig. 4), indicating that the phage
expresses its own RNAP. Indeed, from the intergenic regions pre-
dicted to carry a promoter, we identified likely phage RNAP-spe-
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cific promoter motifs (see Table S4 in the supplemental material).
Although the reporter plasmid-based promoter identification ap-
proach failed, our preliminary RNA-sequencing results of the
transcriptome of phage-infected bacteria show great promise for
promoter identification. In the MS analysis, we identified three
RNAP B and B’ subunit homologs from the phage particles. Thus,
it is possible that the phage particle introduces the 3 and 8’ sub-
units of the phage RNAP and/or other RNAP components to the
host cell already during injection of the nucleic acid into the host
in order to take over transcription at the early stage of infection.
This scenario is supported by similar findings of RNA polymerase
domains both for the giant phage myovirus 201¢$2-1 (52) and for
the above-mentioned B. subtilis phage PBS2 (9). Thomas et al.
(53) suggested that having the 3 subunits in several distinct frag-
ments would allow their injection with DNA into the host, while a
full-length 3 or B’ subunit might be too large to pass through the
tail tube.

A general feature in bacteriophage capsid maturation is a cas-
cade, where the structural proteins are produced as preproteins
that are converted to functional proteins by dedicated proteases;
for example, a number of capsid proteins of bacteriophage $KZ
are processed by the Gp175 protease of $KZ (54). In the MS anal-
ysis, the processed proteins were identified based on the fact that
the eliminated parts of the processed proteins do not produce
tryptic peptides. An analysis of the peptide coverage data of
®R1-37 proteins with a Mascot score of >200 revealed that N-ter-
minal tryptic peptides were missing from Gp150 (however, see
below), Gp198 and Gp204, C-terminal peptides from Gp079, and
both N- and C-terminal peptides from Gp206 and Gp275 (see
Table S1 in the supplemental material). Furthermore, several
<<200-score proteins also lacked N- and C-terminal tryptic peptides.
These data strongly suggest that proteolysis also plays a role in
$R1-37 head morphogenesis. The candidate protease is Gp079,
which was annotated as a phage structural protein with similarity to
Pfam of prohead core protein proteases (Table 1). The head proteases
are, in general, processed by autocleavage to release a C-terminal frag-
ment (54). In line with this, the 89 C-terminal residues of Gp079
lacked peptide coverage (see Table S1 in the supplemental material);
the last identified tryptic peptide ended at residue 179 of Gp079, sug-
gesting that the plausible autocleavage site is the LAE sequence (resi-
dues 198 to 200) that perfectly conforms to the consensus T4 protease
recognition sequence I/L-X-E (7). The active site residues of the pro-
teases (54) are also conserved in Gp079; hence, it is also likely that it
similarly has T4 protease-like activity.

We earlier determined the N-terminal sequences of four struc-
tural proteins, sp69, sp46, sp31, and sp24, of which sp69 and sp46
appeared to be two different polypeptides encoded by the same
gene (23). Here, we identified the sp46/sp69-encoding gene as
g135. g135 can code for a 518-aa polypeptide (predicted mass, 57.8
kDa). The N-terminal sequence of sp46 (23) was identified, start-
ing at Ser87 of Gp135, thus leaving a 432-aa polypeptide with a
predicted mass of 47.76 kDa that agrees nicely with the size ob-
served with SDS-PAGE (Fig. 2). Most tryptic peptides identified
by MS analysis were located in the 432-aa polypeptide; among
residues 1 to 86, only the N-terminal peptide was identified (see
Table S1 in the supplemental material), albeit with a relatively
poor score. Furthermore, bioinformatic analyses identified a very
good ribosomal binding site upstream of g135, suggesting that
Gp135 is produced as a preprotein that is proteolytically cleaved
during capsid maturation at the LQE sequence upstream of Ser87
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(7). Our data do not explain the sp69 band identification made
earlier (23). In the present MS analysis, Gp135 was not identified
from the 67- and 70-kDa bands but was present in the 94-kDa
band (Fig. 3). Thus, it is likely that Gp135 contaminated the sp69
band used for N-terminal sequencing previously (23).

The gene encoding sp31 was identified as g150, and the N-ter-
minal sequence determined earlier indicated that Gp150, in con-
trast to the prediction made above, was not processed. This was
also in line with the absence of a protease recognition sequence in
Gp150. The gene encoding sp24 was identified as g199, and the fact
that the N-terminal sequence determined earlier (23) started at
Glu56 preceded by LTE suggested that it was also proteolytically
processed (7). This is also supported by the SDS-PAGE analysis,
where Gp199 was identified from 22- to 24-kDa bands (Fig. 2),
while the calculated mass of the preprotein was 27.2 kDa (see
Table S1 in the supplemental material).

The empty DNA-lacking particles of $R1-37 are slightly ex-
panded compared to the DNA-containing virions (Fig. 6E, 7A,
and 6B), as seen in bacteriophage T5 (12). As the majority of the
empty particles (75%) lack tails, it is difficult to predict whether
these particles are true procapsids or merely virions that have lost
their tails, and with them, their DNA. There are two gross struc-
tural similarities between $pR1-37 and $bKZ that currently indicate
a possible evolutionary relationship between these two bacterio-
phages. The capsomer arrangements of ¢$pR1-37 (Fig. 7C) and
$KZ are similar. It has been suggested that the major capsid pro-
tein of $KZ has a fold similar to that of the myovirus HK97 (16).
As the capsids of $KZ and GR1-37 appear to be similar at low
resolution, it is possible that the $R1-37 major capsid protein
Gp135 has the HK97 fold, as do all other tailed viruses that have
been studied so far (39), despite very limited sequence identity.
Furthermore, the type I and II protrusions on the $R1-37 surface
are similar to those of bacteriophage $KZ (Fig. 7C) (16). Similar
decorating proteins sitting at the center of the hexameric capsom-
ers have been identified in the well-studied tailed bacteriophages
T4 (hoc) and T5 (Gp10) as well (12, 15). These are the only simi-
larities that indicate a possible evolutionary relationship between
these two bacteriophages. In contrast to $pKZ, we could find no
evidence that the genome packaging of ¢$pR1-37 is organized
around an off-axis spindle (56). Hence, as $R1-37 and Pseudomo-
nas phage GKZ have different DNA nucleotide compositions, dif-
ferent tail types, and only a handful of homologous proteins, we
conclude that these phages belong to distinct classes.
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