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ABSTRACT

The c4 repressors of the temperate bacteriophages P1
and P7 inhibit antirepressor synthesis and are essential
for establishment and maintenance of lysogeny. Using
in vivo complementation tests we have previously
shown that c4 is an antisense RNA acting on a target,
ant mRNA, which is transcribed from the same
promoter. Here we identify the c4 repressor molecule
of P1 as a 77 + 1 base RNA by mapping its termini and
show that the c4 RNA in P7 lysogens has the same or
a similar size. P1 ¢4 RNA is encoded in a region shown
to be sufficient for c4 complementation. It covers
exactly the 74 bases previously suggested to fold into
a stem-loop secondary structure essential for c4
function. Furthermore, we demonstrate that the 5’ end
of c4 RNA is generated by processing. Thus, c4 is the
first example of an antisense RNA to be processed. A
possible mechanism of processing is discussed.

INTRODUCTION

During recent years, antisense inhibition of gene expression has
been demonstrated in a variety of systems, and several antisense
RNAs in prokaryotes have been analyzed in detail (for reviews
see 1, 2). We have recently described a novel antisense system
in the immunity region imml of the temperate bacteriophages P1
and P7 (for all but selected references on P1 and P7 see 3). Here,
the c4 repressor is an antisense RNA which acts on the target
antirepressor (anf) mRNA. By this means antirepressor synthesis
is repressed in P1 and P7 lysogens. The novelty is that ¢4 and
ant mRNA are transcribed from the same promoter (4).

The P1 imml elements have been described previously (5, 6). v

ant encodes an antirepressor, and two antirepressor proteins antl
and ant2 are translated from a single open reading frame. An
open reading frame orfx of unknown function overlaps the start
of ant1 (Fig. 1). Its function is required for ant expression. The
c4 gene is located upstream of orfx and encodes the ¢4 repressor
which prevents expression of ant. A tandem promoter P51a/b
and a c1 repressor-controlled operator, Op51, overlapping the
—35 region of P51a, are located in front of the c4 gene (7, 5).
It is important to note that c4, orfx, and ant1/2 are cotranscribed
in that order, and that transcription starting from P51b is sufficient
to express ¢4 and ant, the latter only if c4 cannot act.

In in vivo complementation tests, c4 activity of P1 could be
reduced to a 85 bp fragment, the ‘c4 mini’ region (Fig. 1). This
region does not encode a protein but must be transcribed to obtain
¢4 complementation. Similarly, ¢4 activity of P7 could be reduced
to a 139 bp fragment. Therefore, the c4 repressors of
bacteriophages P1 and P7 are not proteins but regulatory RNAs.
Each RNA contains two short sequence elements a’ and b’ that
are complementary to their target sequences a2 and b2 in ant
mRNA (Fig. 1). We have shown that this complementarity is
essential for ¢4 action and proposed that c4 acts as a translational
repressor of orfx, thereby also inhibiting ant expression (4). P1
and P7 are heteroimmune (8, 9) and the immunity difference was
mapped to the c4 region (8). It follows from our results that the
heteroimmunity is due to just two substitutions in each of the
complementary sequences of ¢4 and ant mRNA (Fig. 1). Since
c4 acts in trans on a target RNA transcribed from the same
promoter, we have classified c4 as a new type of antisense RNA.
We have also suggested a secondary structure model for the
transcript of the c4 mini region with the complementary regions
in loops as important sites for antisense control (4).

However, the existence of ¢4 RNA has not yet been proven
directly. In this paper we demonstrate the presence of a c4 RNA
in P1- and P7-lysogenic bacteria. By mapping its termini we show
that the ¢4 RNA of P1 is a 77 + 1 b long transcript which overlaps
the ¢4 mini region. We also find a ¢4 RNA of similar or the
same size in P7 lysogens. Thus, c4 RNA is the first example
of an antisense RNA which originates from a longer transcript
by a processing event.

MATERIALS AND METHODS
Bacterial strains and bacteriophages

The E.coli K12 strains (with relevant markers) used were C600
supE44 (10), SCS1 supE44 recAl (Stratagene, Inc.), the P1ICm-,
P7- and P7c4.2ts lysogens of C600, and the P1Cmvir‘ant16-,
P1Cmvirsant10- and P1Cmc4.32ant17 lysogens of YMC (11).
Bacteriophages used were P1Cm (12), P7 (13) and P7c4.2ts (14).

Plasmid constructions

The cleavage sites of restriction enzymes and deletion endpoints
used for creating P1 DNA fragments are shown in Fig. 1.
Numbers indicate the P1 nucleotide positions shown in Fig.1.
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Plasmids are named such that the first capital letter J and U refers
to the vector used, pJF119HE (15) and pUC19 (16), respectively.
Restriction enzymes used for cleavage of vector DNA are shown
in parentheses.

The following plasmids are active in ¢4 complementation. With
regard to P1 DNA, they differ in the extent to which sequences
upstream or downstream of the ¢4 mini region were deleted by
Bal31 treatment. Plasmids of the pJM13A series contain 5’
deletions. They were engineered by subcloning a HindIIl - EcoRI
fragment of the corresponding pTM13A series (4) into pJF119HE
(Hindlll, EcoRI). By that means only the vector DNA- is
exchanged so that ¢4 can be transcribed from the inducible tac
promoter of pJF119HE. These plasmids contain the following
P1 sequence (in parentheses): pJM13A11 (178 —410), pJM13A10
(214—410), and pJM13A3 (242—-410).

Plasmids of the pUM10A series contain 3’ deletions. They were
engineered by linearization of pUMI10 (4) with EcoRI and
subsequent Bal31 digestion followed by HindIIl cleavage and
cloning of the fragments into pUC19 (HindIl, HindIII). In these
derivatives, c4 is transcribed from the P51a/b promoter of P1.
They contain the following P1 sequence: pUM10AS (4—372),
pUMI10A9 (4—328), and pUM10A6 (4—326) (4).

Plasmid pUM11 contains the Dral — EcoRI fragment (4 to 410)
of P1 DNA cloned into pUC19 (Hincll, EcoRI).

Preparation of RNA

Bacterial cultures were grown to Agyp = 0.5 at 37°C unless
otherwise indicated. Transcription from the tac promoter was
accomplished by inducing cultures for 30 min with IPTG (1 mM
final concentration) before harvesting. Total RNA was isolated
by the hot phenol method (17). RNA concentrations were
measured by determining absorbance at 260 nm.

Northern blot analysis

Total RNA (20—50 ug for each sample) was subjected to glyoxal
gel electrophoresis as described (18). Transfer, hybridization and
washing was as described (19). All hybridization probes were
generated from isolated DNA restriction fragments by random
priming (20, 21) using a Promega kit. The restriction fragments
used were: HindIIl - EcoRI fragment (4 —410) of pUM10 (4) for
the P1 o4 probe; HindIlI-EcoRI fragment (242—326) of
pTM13c4mini (4) for the P1 ¢4 mini probe; HindIll—EcoRI
fragment (20—410) of pUM71 (4) for the P7 c4 probe.

Primer extension analysis

Primer extension was performed as described (22) using MMLV
RNase H™ Reverse Transcriptase (BRL), 20 ug total RNA and
the 32P-endlabeled oligodeoxyribonucleotide CAGAC-
TGGCGTTAGTGAAAC as primer (Fig. 1). Samples were run
on a 6% polyacrylamide sequencing gel in 8 M urea alongside
a DNA sequencing ladder generated by the dideoxy method with
T7 DNA polymerase (Pharmacia) using the same 32P-labeled
primer.

Ribonuclease protection experiments

Ribonuclease protection experiments with RNase A and RNase
T1 were done as described (22) using 20 ug total RNA from
C600 and C600(P1) for hybridization with each probe. Uniformly
32p-labeled, strand specific RNA probes were synthesized by in
vitro transcription of linearized recombinant plasmids by T7 RNA
polymerase as described (22). In these plasmids the P1 fragments

indicated in the inset of Fig. 4 are cloned into the vector pT7-5
(Tabor and Richardson, personal communication) such that
transcription from the T7¢10 promoter of the vector produces
a probe complementary to ¢4 RNA. Molecular weight markers
are labeled RNAs of the indicated lengths which were also
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Figure 1. The P1 imml operon with the ¢4 regulatory region. (Upper part) The
imml operon contains the genes o4, orfx, and antl/anf2 (arrowheaded open bars
with a vertical dashed line marking the start of anf2 protein) and is preceded
by the operator, Op51 (dot) and the tandem promoter, P51a,b (not shown)((5),
and this paper). (Lower part) The P1 and P7 DNA sequence of the first 528 bases
of imml containing the c4 regulatory region (modified from (4)). For P7, only
differences from P1 are displayed above the P1 sequence. Mutations in P1 and
P7 are shown by vertical arrows below and above the P1 sequence, respectively.
Insertions are indicated by A'. Dashes above the P1 sequence indicate that no
P7 sequence information is available. The operator, Op51, is underlined. Promoter
regions are indicated by horizontal lines above the sequence. Relevant restriction
enzyme cutting sites are shown followed by (P1) if the recognition site is only
present in P1 DNA. The complementary sequence of the oligonucleotide used
for primer extension is indicated by an arrowheaded line. Endpoints of 5’ and
3’ deletions are shown by greek deltas above and below the P1 sequence,
respectively. The complementary sequences a’ versus a2 and b’ versus b2 are
boxed. Small brackets indicate the borders of the c4 gene determined in vivo by
c4 complementation of P1c4.32 (the ‘c4 mini’ region, (4)). The borders of 4
RNA determined in vitro by primer extension- and RNase protection mapping
(this paper) are indicated by large brackets. The consensus sequence for binding
of E. coli ribosomes is shown below the P1 sequence; the positions where the
P1 sequence is identical to, or divergent from, the consensus sequence are indicated
by upper and lower case letters, respectively. The beginning of the orfx gene
is framed.



generated by in vitro transcription of linearized plasmids by T7
RNA polymerase. Samples were run on a 6% polyacrylamide
sequencing gel in 8 M urea.

RESULTS
¢4 RNA is detected in P1- and P7-lysogenic bacteria

In order to demonstrate ¢4 RNA in vivo we performed a Northern
blot analysis of several P1 lysogens. We used a ¢4 probe which
covers the entire region from the promoter P51a to the start of
the orfx gene (Fig. 1, position 4—410). As expected, no cross-
hybridization was detected with RNA from nonlysogenic bacteria
used as control (Fig. 2A, lane 1). In contrast, a strong and a
rather weak band, about 75 b and 200 b in size, respectively,
are observed in lysogens of P1 (Fig. 2A, lane 3), Plvir‘ant16
(lane 4) and P1vir*ant10 (lane 5). These bands are not detectable
in a Plant17¢4.32 lysogen (Fig. 2A, lane 2). We consider the
75 b and 200 b RNAs to be ¢4 specific since they appear only
in lysogens that produce active ¢4 repressor, as shown by their
immunity to P1 superinfection. The vir‘ant double mutants
express active ¢4 RNA because the vir' mutation (leading to
constitutive expression of orfx-ant) as well as the vir® suppressor
mutations ant16 and ant10 (which abolish orfx-ant synthesis) are
located downstream of an unchanged c4 gene (Fig. 1). In
contrast, in a Plant17c4.32 lysogen c4 is defective and
transcription of the imml region is reduced drastically due to the
P51 promoter down mutation ant17. The failure to detect a
transcript of a Plant17c4.32 lysogen also demonstrates the
absence of other promoters within the first 410 bp of the opposite
DNA strand.
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Figure 2. Northern blot analysis of ¢4 RNA from P1- and P7 lysogens. Total
RNA from P1- and P7 lysogens and C600 as a control was subjected to gel
electrophoresis, and the RNAs were hybridized to different probes. (A) 21 pg
RNA from C600 (lane 1), and from the lysogens of P1 ant17¢4.32 (lane 2), P1
(lane 3), Plvir‘ant16 (lane 4), and Plvir‘ant10 (lane 5). Samples were run in
a2% agarose glyoxal gel and were hybridized to a probe covering positions 4—410
of P1 imml (Fig. 1). Approximate fragment lengths indicated at the right were
determined from migration of 16S rRNA, a $X174 Haelll fragment, and tRNA
in descending order. (B) 40 g of total RNA from C600 (lane 2) and the lysogens
of P1 (lane 1), P7 (lane 3) and P7c4.2ts (lane 4) grown at 30°C were run in
a 2% agarose glyoxal gel and were hybridized to a probe covering positions
20-410 of P7 imml (see Fig. 1). (C) 20 ug RNA from C600 P1 (lane 1) and
C600 (lane 2) were separated in a 6% polyacrylamide gel containing 8 M urea
before hybridization to the o4 mini probe covering positions 242 —326 of P1 imml
(see Fig. 1). Labeled marker transcripts of the length indicated at the right were
run in parallel (lane 3—5).
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The closely related but heteroimmune bacteriophage P7
expresses a c4 repressor of different sequence specificity which
results from just two substitutions in each of the complementary
sequences of ¢4 and ant mRNA (Fig. 1). Therefore, we expected
to detect an RNA of similar or the same size as in P1 also in
P7 lysogens. Indeed, using a P7 c4 probe covering the entire
region from P51a to the start of orfx (20—410) we could show
a band pattern for P7 (Fig. 2B, lane 3) and P7c4.2ts (lane 4)
which is similar to that of P1 (lane 1). Only the amount of the
200 b band is increased in P7c4.2ts relative to P7. We conclude
that both P1 and P7 express a major ¢4 RNA of about 75 b in
size. To determine the size of P1 ¢4 RNA more precisely, RNA
from C600(P1) (Fig. 2C, lane 1) and C600 (lane 2) was separated
on a denaturing polyacrylamide gel alongside labeled marker
transcripts of known length (lanes 3 to 5). Hybridization was then
performed with a ‘c4 mini’ probe (242 —326) which covers only
the ‘c4 mini’ region previously found to be sufficient for c4
complementation (4). The result indicates that P1 ¢4 RNA must
be slightly longer than 75 b and considerably shorter than 86 b.

The c4 repressor of P1 is a 77+1 base antisense RNA

In order to determine the 5’ end of ¢4 RNA exactly, we
performed a primer extension analysis. Total RNA from a P1
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Figure 3. Mapping of the ¢4 RNA 5'-terminus by primer extension. Total RNA
from C600 (P1) and C600 (—) as control was hybridized to the oligonucleotide
primer (see Fig. 1), extended with reverse transcriptase, and run in a 6%
polyacrylamide sequencing gel. The same gel contained DNA sequencing reactions
(G, T, A, and C, respectively) using the same primer and plasmid pUM10 (4)
containing a P1 Dral— EcoRl restriction fragment (Fig. 1, position 4—410). The
arrow marks the base C which is complementary to base G at the 5'-end of c4
RNA.
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lysogen was hybridized to an oligonucleotide primer (Fig. 1) and
extended with reverse transcriptase. The cDNA product was then
compared with the DNA sequence ladder obtained from the
sequencing reactions with the same primer and plasmid pUM10
containing the entire P1 ¢4 region (4—410; Fig. 1). The 5’ end
of c4 RNA was found to be the guanine at position 253 (Fig. 3).
This finding is in accordance with results of ¢4 complementation
studies in vivo which indicated that transcription of a functional
©4 RNA can start anywhere upstream of the A4 deletion endpoint
(4) (position 254, Fig. 1).

RNase protection experiments were done in order to determine
the exact size and the 3’ terminus of c4 RNA. Total RNA from
a P1 lysogen was hybridized to complementary transcripts as
shown in the inset of Fig. 4. The hybrids were digested with
RNase A and RNase T1 and electrophoresed (Fig. 4). With one
exception, only the transcripts which covered the ¢4 mini region
totally produced a hybrid of 77 + 1 bp in length. The exception
is probe A6 (4—326) which yielded a product about 3 bp shorter
(Fig. 4, lane 14). This indicates that the 3’ end of the ¢4 RNA
is 3 b longer than the ¢4 mini region determined genetically
(Fig. 1). The RNase protection results are in accordance with
the 5’ end of c4 RNA as determined by primer extension and
the size of c4 RNA as determined by Northern blotting. Taken
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Figure 4. Mapping of c4 RNA by ribonuclease protection analysis. Total RNA
from C600 (P1) and C600 (—) as a control was hybridized to different RNA
probes, digested with RNase A and RNase T1 for 60 min, and separated by
electrophoresis on a 6% polyacrylamide sequencing gel. Labeled marker transcripts
of known length were run in parallel. In the inset, the size of the RNA probes
is shown by a vertical line in relation to the c4-orfx regulatory region. The probes
are complementary to the strand shown in Fig. 1 in which restriction enzyme
cutting sites and deletion endpoints are indicated.

together, we conclude that ¢4 RNA is coded by positions 253
through 329 of imml.

¢4 RNA is a processed transcript

The results described above indicate that c4 RNA is a processed
transcript, since it starts 113 bases downstream from the promoter

m promoter

Figure 5. Northern blot analysis of ¢4 RNA from plasmids. (Upper parr) The
size of the P1 DNA insert (with nucleotide numbers as in Fig.1) is shown by
a vertical line. The promoter from which the insert is transcribed is indicated
above the line. (Lower part) 30 ug total RNA of SCS1 cells containing the plasmids
listed below were run in a 2% agarose glyoxal gel and were hybridized to the
¢4 mini probe. Lane 1: pUMII, lane 2: pJM13Al11, lane 3: pJM13A10, lane
4: pJM13A3, lane 5: pJM13A10, lane 6: pUM10AS, lane 7: pUM10A9, lane
8: pUMI10A6.
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Figure 6. Secondary structure model of the c4 antisense RNA. The sequence
of c4 RNA as determined in this paper (position 253 to 329, Fig. 1) was folded
as described previously (4). Positions where the sequence of P7 differs from that
of P1 are marked by circled letters. Mutations are indicated by arrowheads,
followed by the name of the phage. Stems are marked by Roman numerals.



P51b, deletion of which abolishes ¢4 complementation in vivo
(7, 4). We wanted to substantiate these findings and to investigate
whether P1 specific sequences upstream and downstream of c4
are required for processing and termination. For that purpose,
we analyzed the transcription of ¢4 RNA from several plasmids
by Northern blotting. Transcription was initiated from either the
P1 promoter P51a,b or the IPTG-inducible fac promoter (Fig. 5).
Synthesis of ¢4 RNA is observed with all plasmids, irrespective
of whether the natural P1 sequence upstream of the ¢4 mini region
is present or not (Fig. 5, lanes 1—4). The ¢4 RNA from plasmid
pUMI11 (Fig. 5, lane 1) has the same size as the c4 RNA from
a P1 lysogen as was found in a parallel run (data not shown).
If the tac promoter remains repressed (in the absence of IPTG),
c4 RNA is not detectable (Fig. 5, lane 5). Likewise, c4 RNA
is not found when P51a,b is deleted and not substituted by a
heterologous promoter (plasmid pUM13 (4), data not shown).
These results clearly demonstrate that (i) c4 RNA is a processed
transcript, because there is no P1 specific promoter detectable
which could lead to a transcription start at position 253, (ii)
sequences upstream of the ¢4 mini region are not essential for
the 5’ end processing of ¢4 RNA, nor is there any other
bacteriophage specific function or factor required, and (iii)
transcription from a Pl-specific or heterologous promoter is
sufficient for ¢4 RNA synthesis which in turn is sufficient for
c4 complementation.

Apparently, the natural P1 sequences downstream of the c4
mini region are not required for the processing or termination
event, because plasmids pUM10AS (Fig.5, lane 6), pUM10A9
(lane 7), and pUM10A6 (lane 8) synthesize ¢4 RNA and they
are active in ¢4 complementation (4). However, when the 3’
terminal nucleotide (position 329) of c4 RNA is deleted, a smear
of c4 specific RNA of increasing size is always observed
(pUM10A9, lane 7). Likewise, deletion of three nucleotides from
the 3’ end of c4 RNA results in a considerably decreased rate
of c4 RNA synthesis (pUM10AG6, lane 8). These results indicate
that processing or termination is disturbed to some extent if c4
RNA is not intact.

DISCUSSION

In this study we have analyzed the ¢4 RNAs of bacteriophages
P1 and P7. The c4 repressor of P1 was identified as a 77+1
base RNA extending from position 253 to 329 (Fig. 1). An RNA
of the same size was detected in P7 by Northern blotting and
we assume that its 5’ and 3’ termini are the same as in P1.
Therefore, we conclude that the 77 = 1 base transcript is the active
c4 repressor molecule. Another RNA, about 200 bases in size,
was detected in P1- and P7 lysogens in low amounts. This RNA
is, like c4, not observed when the P1 prophage carries the P51b
promoter-down mutation ant17 (Fig.2). Therefore, we assume
that the 200 base transcript is a ¢4 precursor RNA or processing
intermediate.

The c4 RNA overlaps most of the ¢4 mini region that was found
to be sufficient for ¢4 complementation in vivo. We have
previously suggested that the RNA sequence from positions 253
to 326 folds into a stem-loop secondary structure in which the
antisense boxes b’ and a’ are exposed in loops. This sequence
appeared to be absolutely necessary for c4 function (4). It is
striking that c4 RNA indeed starts at position 253 and terminates
just 3 bases beyond the end of the suggested stem at position
329 (Fig. 6). This strongly supports our proposed secondary
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structure model. In P1¢4.32 a G— A base exchange at the extreme
end of the long stem I (Fig. 6) results in a c4 defective phenotype
(7). In preliminary in vivo experiments it was found that a
c4.32-carrying plasmid synthesized much less ¢4 RNA than the
corresponding ¢4* plasmid (unpublished results). Accordingly,
the defectiveness of P1c4.32 might result from an abnormally
high turnover rate of the c4.32 precursor and/or mature RNA.
With the start and end of c4 RNA now being known, it will also
be possible to design in vitro experiments to analyze the
interaction between c4 and its target RNA. This will help to
understand how c4 can efficiently interact with its target in spite
of the short range of complementarity which is restricted to the
a’-a2- and b’-b2-regions.

We have shown that ¢4 RNA is processed at the 5’ end.
Whether the 3' end is generated by processing or termination
is not known. This adds to the special character of c4 RNA. It
is not only the first example of an antisense RNA to be transcribed
from the same promoter as its target RNA, but there is also no
other antisense RNA known to be processed at the 5’ end (1,
2). This makes ¢4 an interesting model for designing artificial
antisense RNAs. Sequences upstream of the processing site can
be manipulated and do not influence the antisense RNA as long
as transcription of the essential region is maintained.

Yet another aspect is noteworthy. In the ¢4 RNA model the
structure of stem I with G at the 5’ end and a single-stranded
ACC protruding from the 3’ end (Fig. 6) is strikingly similar
to the overall structures of the acceptor stem in tRNAs or the
hairpin in 4.5 S RNA of E. coli. The latter two classes of RNA
molecules originate from larger precursors which are processed
by RNase P (23, 24). It will be interesting to find out whether
the bacteriophages P1 and P7 have exploited thet E. coli
processing system for tRNA and rRNA for their own c4 RNA.
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