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The lysis inhibition phenomenon was examined predominantly in T4. However,
recent studies of viral evolution have made it clear that T4 family is an
extremely widespread group of phages and inspired an extensive research of the
genomic divergence between T4 and its various relatives. In the present study,
we identified the pseudo T-even phage RB49 gene homologous for the T4 lysis
inhibition gene r/. Analysis of gene expression revealed that transcription of the
RB49 gene 7/ is very similar to that of T4 r/. However, in the translation
initiation region of the RB49 gene »/ we identified a stable RNA secondary
structure, which potentially could inhibit the synthesis of gprl from the early
transcripts. This result indicates the different control of RB49 gene #/ expression,
which interferes with the gprl function in lysis inhibition.
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INTRODUCTION

The usual process of lysis of T4-infected cells involves an
endolysin encoded by the gene e [1] and holin encoded
by the gene ¢ [2]. The gpt holin permeabilizes the cyto-
plasmic membrane permitting the passage of the
endolysin gpe to the periplasm where the muralytic
enzyme degrades the peptidoglycan layer [3]. In the
normal infection cycle of T4 phage, lysis of the bacterial
cell and release of phage particles take place at 20-30 min
postinfection at 37 °C. However, if secondary phage
particles adsorb to the already T4-infected cell, the latent
period can be prolonged for as long as several hours
with the consequent increase in the burst size. This pheno-
menon is known as lysis inhibition [4]. The molecular
basis for the T4 lysis inhibition is a specific inhibition of
the holin T by antiholin encoded by the gene 7/ [5, 6].

The role played by the gene 7/ in the regulation of the
length of the infection cycle requires production of gprl in
the cell before holin as a late gene product is made [6, 7].
Previous reports have revealed that T4 gene r/ can be
transcribed from the two upstream promoters belonging
to different temporal classes: the late promoter upstream
the gene rl.1 and the early promoter upstream the gene
regB [7]. Recently, the middle promoter P, tk.3 upstream
the gene k.3 was identified [8], which potentially directs
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the transcription of the gene /. The transcription of the
gene r/ from the early, middle and late promoters is
reasonable, because lysis inhibition can be induced as
early as 3 min after infection and even after the lysis of
the infected culture starts [7]. The notion that genes
involved in lysis inhibition should be expressed in an
appropriate mode has been supported by the fact that the
transcription regulation of the potential lysis inhibition
gene rlll is virtually identical to that of #/ [7]. Recently,
we have shown that the gene r//l encoded protein is
produced early as well as late in infection [9].

In this study, we determined the primary structure of
the lysis inhibition gene r/ of the distant T4-type phage
RB49. The genome of the pseudo T-even RB49 had
substantially diverged from T4. Seventy percent of the
RB49 genome encodes protein homologues of T4 gene
products with the levels of amino acid identity ranging
between 50% and 70% [10]. Many nonessential T4 genes
in the genome of RB49 are replaced by novel open
reading frames (ORF) encoding proteins without homo-
logues in the NCBI protein database. The DNA of RB49
does not have nucleotide modifications [11], and this
phage uses only two classes of temporally regulated
promoters (early and late) rather than the three (early,
middle and late) employed by T4 [10]. Moreover, the
RB49 early promoters have the same consensus sequence
as the E. coli 0’°-dependent promoters.

The results obtained in this study revealed that the
expression pattern of the lysis inhibition gene »/ of RB49
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differs from that of T4 because of the stable RNA
secondary structure in the translation-initiation region of
the RB49 gene rl.

MATERIALS AND METHODS

Bacterial and bacteriophage strains. Escherichia coli
strain B (sup®) was a gift from Dr. Lindsay Black. Bacterio-
phage RB49 was kindly supplied by Dr. William Wood.

Sequencing of the RB49 gene rI. DNA sequencing
was performed using a CycleReader™ DNA sequencing
kit (Fermentas AB). The oligonucleotide primers were
5'-end-labeled by T4 polynucleotide kinase (Fermentas AB)
with [y-?P]ATP (Amersham Biosciences). The DNA tem-
plate for the sequencing reactions was in the form of a
purified genomic phage DNA. Based on the sequence of
the gene tk of the pseudo T-even phage RB49 [10], we
designed the primer 5'-GTCTCCGCACTGACTTTCAGGG.
This primer and other RB49-specific primers,
5'-GATGGTACTACCAACTAAGAG and
5'-GCCCATATTATGAAGATGTATGCTCG, were used to
determine the sequence of the RB49 gene rl.

RNA methods. E. coli BE (sup?) cells were grown
at 30 °C to a density of 2 x 108 cells/ml in LB medium
before the infection with bacteriophage RB49 at a MOI
of 10. RNA isolation, primer labeling and RNA
sequencing were performed as described by
McPheeters [12]. An assay was carried out with the
AMV reverse transcriptase (Promega) using the primer
5'-GTTGGATCATATTGGTCAGCAC, complementary to
62-83 nt of the RB49 gene r/. The samples were analysed
on a denaturing polyacrylamide gel (6% acrylamide, 8 M
urea, TBE).

RESULTS AND DISCUSSION

In order to identify the RB49 homolog of the T4 lysis
inhibition gene 7/, we designed a primer based on the
sequence of the gene tk of RB49 for sequencing the tk
downstream region (see Materials and Methods). Im-
mediately downstream the gene tk we defined an ORF
preceded by a short intergenic region (Fig. 1A). The
determined ORF has a potential to encode the 100-amino
acid residue protein with a predicted molecular weight of
11.4 kDa and a theoretical pl of 6.5. An alignment
between the primary structures deduced for the protein
encoded by this ORF and the known 97-amino acid
sequence for T4 gprl showed that a gene located down-
stream tk in the genome of RB49 encodes a highly
diverged gprl homolog. RB49 gprl exhibits a 20% identity
to the gprl of T4 at the amino acid sequence level (Fig. 1B).

Analysis of the noncoding region between RB49
genes tk and r/ allowed to identify the sequence for the
late promoter upstream the gene r/ (Fig. 1A). In addition,
the RB49 gene r/ can potentially be transcribed into the
early polycistronic mRNAs initiated at several E. coli
like promoters located upstream (Fig. 2). To investigate

the transcription pattern of the RB49 gene 7/ in vivo, we
performed a primer extension analysis of RNA isolated at
5 and 15 min post infection from RB49-infected cells. As
shown in Fig. 3A, the 5' end of the late transcript was
detected 5 bp downstream from the late promoter se-
quence in case of RNA isolated at 15 min post infection.
On the other hand, the RB49 gene r/ mRNA was also
detected in the samples isolated at 5 min post infection,
indicating that this gene is also transcribed from the
upstream early promoters. The obtained results clearly
demonstrated that the RB49 gene 7/ is transcribed early
as well as late in infection.

The phage T4 uses RNA secondary structures to
prevent or reduce early translation of at least five late
genes, the chromosomal locations of which result in
their cotranscription with early or middle genes [13]. In
each case, the late promoter is in the potential stem-loop
region or in a close proximity to it, so the late transcripts
have no secondary structures. T4 r/ is not the subject
of such regulation, because no RNA secondary struc-
tures were found in the translation initiation region of
this gene [7]. Furthermore, T4 #/ is the second gene in
the late transcription unit (Fig. 2). Thus, the transcripts
for the gene r/ of T4 appear likely to be translated both
early and late in infection.

The RB49 genomic region containing the gene 7/
considerably diverged as compared with the analogous
genomic region of T4 (Fig. 2). The RB49 gene 7/ is the
first gene in a two-ORF late transcription unit due to the
absence of rl./ in the genome of RB49. Moreover, we
examined the untranslated region upstream the gene 7/
of RB49 and revealed a potential stem-loop structure
that would sequester the proximal end of the ribosome-
binding site of »/ in the early polycistronic mRNAs
(Fig. 3B). This secondary structure cannot be formed in
the late transcripts, since the late promoter for the gene 7/
is in the middle of the stem-loop region. Primer extension
analysis confirmed the existence of a stable secondary
structure in the early mRNA of the RB49 gene r/. As
shown in Fig. 3A, two 5' ends of the transcript were
detected immediately downstream from the predicted stem-
loop in the reverse transcriptase assay of early mRNA.
The positions of these 5' ends indicate that they were
generated by reverse transcriptase stops at the stable
RNA stem-loop in the translation initiation region of the
gene rl (Fig. 3B). Therefore, these results suggest that
the synthesis of RB49 gprl product is inhibited at the
early phase of infection.

In conclusion, detection of the gene »/ homolog in
the genome of the phylogenetically distant phage RB49
supports the notion that lysis inhibition contributes
significantly to the widespread occurrence in nature of
T4-type phages and to their competitive advantage [7].
On the other hand, although transcription of the RB49
gene 7/ is almost the same as in case of T4, the RB49
gprl seems to be synthesized in a pattern that is distinct
from that of T4. Considering the observed concordance
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Fig. 1. (A) Sequence of the RB49 gene r/. The Shine-Dalgarno sequence and initiation codon of the gene r/ are in boldface.
The late promoter sequence is boxed. Horizontal arrows indicate sequences predicted to form a secondary mRNA structure.
The termination codons of gene tk and r/ are indicated by an asterisk. This sequence has been submitted to the EMBL/GenBank
with accession number AJ517766. (B) Alignment of predicted amino acid sequence of RB49 gprl with the sequence of T4 gprl
(GenBank accession no. AAB26962). The sequences were aligned using ClustalW program. An asterisk (*) means that the
residues in the column are identical; a double dot (:) indicates the conserved substitutions; a dot (.) indicates the semi-conserved
substitutions. A dash indicates a space which was inserted in the sequence to preserve the alignment
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Fig. 2. The gene regB-rl region in the genomes of phages T4 and RB49. The name of the gene is indicated above the
corresponding box. The arrows represent the promoters and the letter above the arrow indicates its temporal class. The
promoters P;131.7 [14] and Ptk.3 [8] of T4, P_regB, P.vs.l1 [15] and P rl (this study) of RB49 were shown to be active.
The other promoters marked in the scheme were deduced from sequence analysis, including P rl.1 [16] of T4. Terminators and
the RNA secondary structure in the case of RB49 are indicated as well. The scheme was designed according to the complete
genomic sequences of T4 (AF158101) and RB49 (AY343333)

between the mode of expression and the function of the  substantial alterations in lysis inhibition function. Work
T4 gene rl [7], the shift of RB49 gene 7/ into the class is in progress to test this assumption. We hope these
of late genes that are transcribed into the early and late  experiments will shed more light on the lysis inhibition
transcripts, though translated from the late ones because  phenomenon in the phylogenetically distant T4 relatives
of inhibitory RNA stem-loop structures, may signify such as pseudo T-even RB49.
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Fig. 3. (A) Primer extension sequencing of the transcripts for
RB49 gene 7. Primer extensions were done on RNA isolated
at 5 and 15 minutes post infection from E. coli BE cells
infected at 37 °C with RB49 phage. The sequencing lanes are
labeled with the dideoxynucleotides used in the sequencing
reactions. The initiating nucleotide G for the late transcript
and the reverse transcriptase termination nucleotides down-
stream the potential stem-loop are noted. (B) Predicted RNA
secondary structure in the intergenic region between RB49 genes
tk and rl. Shine—Dalgarno sequence and the initiation codon of
gene rl are in bold lettering. The late promoter sequence is
boxed. Arrows indicate nucleotides at which RT stops were
observed
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BAKTERIOFAGO RB49 LIZES INHIBICIJOS
RI GENAS: PIRMINE STRUKTURA IR RAISKOS
REGULIACJA

Santrauka

Lizés inhibicijos fenomenas ilga laika buvo tiriamas tik T4 arba
labai jam gimininguose T lyginiuose bakteriofaguose. Taciau
pastaryjy mety fagy evoliucijos tyrimai rodo, kad gamtoje eg-
zistuoja daugybé filogenetiskai susijusiy T4 tipo bakteriofagy,
ir tai paskatino placius Sios fagy grupés genetinés jvairovés ty-
ringjimus. Siame darbe buvo tiriamas pseudo T lyginis fagas
RB49. Mes nustatéme, kad Sio fago genome yra genas, homo-
logiskas fago T4 lizés inhibicijos »/ genui. Geny raiSkos ana-
lizé rodo, kad, kaip ir fago T4 atveju, RB49 r/ genas yra
transkribuojamas tiek ankstyvuoju, tiek vélyvuoju fago in-
fecijos periodu. Taciau, skirtingai nuo T4, RB49 r/ geno
transliacijos iniciacijos srityje mes aptikome patvaria iRNR
antring struktlira, kuri potencialiai gali slopinti ankstyvyjy Sio
geno transkripty transliacija. Toks RB49 rI geno raiSkos regu-
liacijos mechanizmas yra nesuderinamas su lizés inhibicijos
funkcija.



