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Southern hybridization analyses of procaryotic DNA from Escherichia coli, \ bacteriophage, and T1 to T7
phages were carried out. The hybridization probes used consisted of DNA restriction fragments derived from
the T4 phage intron-containing thymidylate synthase gene (zd) and short synthetic oligodeoxynucleotides
defining specific exon and intron regions of the gene. It was shown that intact as well as restricted DNA from
the T-even phages hybridized not only to both T4 phage td intron- and exon-specific probes but also to probes
defining the td 5’ (exon I-intron) and 3’ (intron-exon II) presplice junctions. These data strongly suggest that,
analogous to the T4 phage, only the T2 and T6 phages among the procaryotes tested contain interrupted ¢d
genes. The ¢d intervening sequence in each phage is roughly 1 kilobase pair (kb) in size and interrupts the td
gene at a site analogous to that in the T4 phage. This was confirmed by data from Northern (RNA)
hybridization analysis of ¢d-specific in vitro transcripts of these phage DNAs. [a-32P]GTP in vitro labeling of
total RNA from T4 phage-infected cells produced five species of labeled RNAs that were 1, 0.9, 0.83, 0.75, and
0.6 kb in size. Only the 1-, 0.9, and 0.75-kb species were labeled in RNA from T2- or T6-infected cells. The
commonly present 1-kb RNA is the excised #d intron, which exists in both linear and circular forms in the
respective T-even-phage-infected cells, while the 0.6-kb RNA unique to T4 may be the excised intron derived
from the ribonucleotide réductase small subunit gene (nrdB) of the phage. The remaining labeled RNA species

are likely candidates for other self-splicing introns.

Many protein-encoding genes in eucaryotes are inter-
rupted by one or more intervening sequeénces which are
transcribed but not translated. Usually such noncoding
sequences (introns) are excised posttranscriptionally, and
the resulting coding segments (exons) are ligated via the
process of RNA splicing (1). Although this process has been
shown to be prevalent in eucaryotes, its possible occurrence
in procaryotes was not considered until the discovery of
procaryotic introns, first in two tRNA genes in archaebac-
teria (15) and subsequently in the thymidylate synthase gene
(td) of the coliphage T4 (9). More recently, a second intron
was found which is located in the T4 bacteriophage gene
encoding ribonucleotide reductase small B2 subunit (nrdB)
(26). Specifically in the case of the td gene, the formation of
mature mRNA has been shown to be preceded by intron
excision and exon ligation at the level of RNA in both in
vitro (8) and in vivo (5) systems. Subsequent determination
of the nucleotide sequence in the td intron has revealed that
it possesses many structural features typical of eucaryotic
class I introns (6, 22, 32). These include a uridine 5’ to the
intron, a guanosine in the 3’ end of the intron and non-
conserved (E and E’) and conserved (P, Q, R, and S)
sequences (10, 11). Furthermore, the ¢d primary transcript
has been shown to undergo self-splicing in vitro (8, 10, 11)
similar to that found for the Tetrahymena thermophila
nuclear large rRNA (7, 35) and for many yeast and fungal
mitochondrial pre-RNAs (13, 27). An internal guide se-
quence consisting of nine consecutive nucleotides located
just downstream of the 5’ splice site has been designated for
the rd intron (11). It is believed that this guide sequence,
present in the intron segment of self-splicing pre-RNA,
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brings the 5’ and 3’ splice sites into proximity via specific
base pairing for precise exon ligation (33).

The discovery of a 1,017-base-pair (bp) intron in the T4
phage td gene prompted us to screen for the presence of
other procaryotic introns, particularly in the T-odd and the
other T-even bacteriophages. In this report, we present
evidence that T4 ¢d intronlike sequences are present in the
genomes of the T2 and T6 phages, also interrupting the
respective td genes. Like the T4 td intron, the intron in T2
and T6 was approximately 1 kilobase (kb) in size and was
excised at the RNA level as a linear RNA molecule which
subsequently cyclized. We also demonstrate that [a-
32P]GTP, which has been shown to be covalently joined to
the 5’ end of the T4 phage td intron RNA during self-splicing
of the td pre-RNAs in vitro (10) and to label RNA extracted
from T4 phage-infected cells (14), also labeled several RNA
species from T2- and T6-infected cells, suggesting the pres-
ence of multiple self-splicing introns in the T-even phages.
Interestingly, the heteroduplex analysis of T2, T4, and T6
phage DNAs by Kim and Davidson (16) revealed the pres-
ence of a deletion loop at approximately 137 map units (nrdB
region) and the absence of a loop at 142 map units (td region)
for both T2-T4 and T4-T6 pairs, implicating (i) an additional
sequence for T4 in the nrdB region and (ii) highly homolo-
gous sequences for all T-even phages in the td region,
respectively. e

MATERIALS AND METHODS

Bacterial strains, phage strains, and plasmids. Escherichia
coli B was used as the host for infection with bacteriophage
A, Atd, T1, T2, T3, T4, TS, Té6, or T7. Phages were purified
by CsCl step gradient centrifugation (12). Atd was originally
provided by Noreen Murray of Edinburgh University (23).
Recombinant plasmids pSP64td and pBTAH were the cor-
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TABLE 1. Synthetic oligodeoxynucleotides

Designation Definition Size (mer) Nucleotide position”
1 Exon 1? 24 745 to 768
2 Exon II? 20 1839 to 1858
3 Intron® 22 817 to 838
4 Intron (5' end)? 21 774 to 794
5 intron (3’ end)? 21 1765 to 1785
6 exon l-intron¢ 23 757 to 779
7 intron-exon II¢ 25 1774 to 1798

@ See reference 9 for numbering of nucleotides in the 2,847-bp EcoRI
fragment. Exon I extends from nucleotide 200 to 768, the intron extends from
769 to 1785, and exon II extends from 1786 to 2094.

b Obtained from Pharmacia, Piscataway, N.J.

¢ Obtained from Systec, Minneapolis, Minn.

4 Provided by James Freisheim, University of Toledo, Toledo, Ohio.

responding pSP64 and pBR322 plasmids containing the
thymidylate synthase gene (1d) from T4 phage (8) and the
corresponding gene (thyA) from E. coli (3), respectively.
DNA was extracted from various sources with phenol fol-
lowed by exhaustive dialysis. )

Media, enzymes, and oligodeoxynucleotides. TBYE was
used for the growth of E. coli strains and contained 1%
tryptone (Difco Laboratories), 0.5% NaCl, and 0.5% yeast
extract. Ampicillin (100 pg/ml) was included in the growth
medium for propagating plasmid-carrying E. coli strains. The
restriction enzymes EcoRI, Hpal, and Taql were obtained
from Bethesda Research Laboratories. Other restriction
enzymes were from New England BioLabs. SP6 RNA
polymerase for in vitro RNA synthesis was purchased from
Promega Biotec, and E. coli RNA polymerase was from
Sigma Chemical Co.
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The synthetic oligodeoxynucleotides used as probes in
hybridization are listed in Table 1, and their relative posi-
tions in the rd gene are indicated in Fig. 1. The oligo-
deoxynucleotides were 5’ end labeled with [y-32P]JATP (3,000
Ci/mmol; New England Nuclear Corp.) with polynucleotide
kinase (Boehringer Mannheim Biochemicals). Purified td-
derived DNA restriction fragments were labeled with [a-
32P)dTTP (400 Ci/mmol; Amersham Corp.) by using a
Worthington nick translation kit (Cooper Biomedical, Inc.).

Conditions for hybridization. Tagl-restricted DNA frag-
ments (0.1 to 0.5 pg) were electrophoresed in a 1% agarose
slab gel in TBE buffer (100 mM Tris hydrochloride [pH 8.3],
100 mM boric acid, 2 mM disodium EDTA) and then blotted
onto a nitrocellulose filter (Schleicher & Schuell, Inc.) by the
procedure of Thomas (28). Unrestricted DNA (5 ng) was
spotted onto a nitrocellulose filter in 1- to 2-pl volumes. The
DNA-containing filters were baked at 80°C under vacuumi in
an oven for 2 h and stored in sealed plastic bags until use.
Prehybridization was carried out in plastic bags at 48°C for at
least 4 h in the presence of 0.1 mg of sonicated salmon sperm
DNA per ml. Hybridization (at 48°C for 16 h) was initiated
by the addition of radioactively labeled DNA fragment or
oligodeoxynucleotide probe to a final specific activity of 10°
cpm/ml of hybridization mixture. The buffer used in both
prehybridization and hybridization (31) contained 90 mM
Tris hydrochloride (pH 7.5), 900 mM NaCl, 6 mM disodium
EDTA, 0.1% sodium dodecyl sulfate, 10% dextran sulfate,
and 0.01% each bovine serum albumin, Ficoll (Pharmacia
Fine Chemicals), and polyvinylpyrrolidone. After hybridiza-
tion, the filters were exhaustively washed in buffer contain-
ing 90 mM trisodium citrate and 900 mM NacCl (six to eight
changes) for 6 h, either less stringently at 22°C (for DNA
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FIG. 1. (A) Genomic organization of the EcoRI fragment containing the thymidylate synthase gene (1d) of T4 bacteriophage and pertinent
restriction sites. The fragment is 2,847 bp in size. The numbers indicate the scale in base pairs. The EcoRlI, Taql, and Hpal restriction enzyme
sites are shown. The Tagl site is 36 bp downstream of open reading frame 1 (ORF1), while the Hpal site is 354 bp downstream of ORF2. The
td gene overlaps with the frd gene (encoding T4 dihydrofolate reductase) to its left by a 4-bp stretch (ATGA) (9, 24). To its right is the nrdA
gene (encoding T4 ribonucleotide reductase B1 subunit) located at the end of the ¢d fragment (truncated ORF3) (F. K. Chu, G. F. Maley,
A.-M. Wang, and F. Maley, Gene, in press). ORFs 1, 2, and 3 are preceded by ribosome-binding sites. ORF1 was previously identified and
located in the td intron (11). (B) Location of synthetic oligodeoxynucleotide hybridization probes in the d fragment (see Table 1 for the
sequences of probes 1 to 7).
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TABLE 2. DNA dot hybridization

Hybridization’® with the following DNA source:

td DNA fragment probe?

A Atd€© td T1 T2 T3 T4 TS T6 T7 E. coli pBTAH“
Exon I-intron-exon II¢ - + + - + - + - + - - -
Exon I - + + - + - + - + - - -
Intron® - + + - + - + - + - - -
Exon II# - + + - + - + - + - - -

 Purified td DNA restriction fragments were labeled with 32P by nick translation.

& —, Nonhybridizing; +, hybridizing.
¢ X recombinant containing the thymidylate synthase gene (1d) of T4 phage.

4 pBR322 plasmid containing the thymidylate synthase gene (thyA) of E. coli.

¢ 1.6-kb HindIII-EcoRYV fragment (nucleotides 379 to 1985).
£0.28-kb HindIII-Pvull fragment (nucleotides 379 to 655).

£ 0.9-kb Accl-Pvull fragment (nucleotides 834 to 1737).

h 0.87-kb Pvull-Hpal fragment (nucleotides 1737 to 2609).

fragment probes) or more stringently at 52°C (for oligo-
deoxynucleotide probes), blotted dry, and then subjected to
autoradiography on Kodak X-Omat R film.

Preparation of total RNA from phage-infected cells. A 1-ml
sample of an overnight culture of E. coli B was inoculated
into 100 ml of TBYE medium for growth at 34°C. At an
optical density at 650 nm of 0.3, the culture was infected with
a T phage (T2, T4, TS, or T6) at a multiplicity of infection of
7 to 10. At intervals (5, 10, and 20 min), 25 ml of the
phage-infected culture was quickly chilled for 10 s in an
ethanol-dry ice bath and immediately spun at 10,000 rpm for
10 min in a Sorvall SS-34 rotor. The pelleted cells were
suspended in 0.2 ml of TE buffer (10 mM Tris hydrochloride
[pH 8], 1 mM disodium EDTA, 5 mM dithiothreitol). Lyso-
zyme was added to a final concentration of 25 pg/ml. The cell
suspension was then frozen and thawed twice to effect cell
breakage. The resulting cell lysate was treated with RQ1
RNase-free DNase (Promega Biotec) for 1 h at 4°C and then
extracted with an equal volume of redistilled phenol satu-
rated with TE buffer for S min at room temperature. The
upper aqueous phase was phenol extracted a second time for
S min at room temperature. Total RNA was precipitated with
2 volumes of prechilled absolute alcohol in the presence of
0.2 M NaCl at —20°C for 16 h. Precipitated RNA (0.5 to 1 mg
from a 25-ml cell culture) was collected by centrifugation at
4°C, washed twice with 70% alcohol, dissolved in 25 pul of
sterile H,0, and stored at —20°C until use.

Covalent addition of [«-3?P]GTP to total RNA and gel
analysis. Total RNA (5 ng) from uninfected or T phage-
infected cells at"10 min postinfection was incubated with 5
1Ci of [a-*?PIGTP (400 Ci/mmol; Amersham) in 5 pl of buffer
containing 40 mM Tris hydrochloride (pH 7.5) and 10 mM
MgCl, at 60°C for 5 min. After incubation, the mixture was
chilled on ice and mixed with 15 pl of gel loading buffer
containing 0.1 M Tris base, 0.1 M boric acid, 2 mM disodium
EDTA, 0.08% each xylene cyanol and bromphenol blue, and
95% deionized formamide. Gel electrophoretic analysis of
the labeled products was carried out in a 5% polyacryl-
amide-8 M urea slab gel (0.75 mm thick) in TBE buffer. The
gel was dried onto filter paper backing (Bio-Rad Laborato-
ries) and subjected to autoradiography on Kodak X-Omat R
film. RNA for hybridization was first resolved by electro-
phoresis in a 1.5-mm-thick slab gel, followed by electroblot-
ting to Hybond-N nylon membrane (Amersham). Northern
(RNA) hybridization analysis was carried out as described
elsewhere (11).

Other methods. Transcription with SP6 RNA polymerase
in vitro (20) was conducted as described elsewhere (8), and
the resulting RNA product was collected by ethanol precip-

itation after isolation by passage through a Nensorb 20
cartridge (DuPont Co.) (10). Transcription with E. coli RNA
polymerase was carried out as described by Trimble and
Maley (29), but at 30°C instead of 18°C. For both transcrip-
tion systems [a-32P]JATP (400 Ci/mmol; Amersham) was
used to uniformly label the transcripts. DNA concentration
was determined by measuring the Agp.

RESULTS AND DISCUSSION

Presence of T4 phage td exon and intron nucleotide se-
quences-in T2 and T6 phages. Intron-containing procaryotic
genes were first found in archaebacteria, but these genes
code for tRNA molecules and the introns are quite small
(15). The T4 phage td gene is the first instance of an
intron-containing procaryotic gene that codes for a protein
(9) (Fig. 1A). Recently, the nrdB gene coding for the
ribonucleotide reductase small subunit (B2) of the T4 phage
was found to be interrupted also (26), and its RNA transcript
was subsequently shown to undergo self-splicing in vitro
(14). To detect potential introns in other procaryotes, we
utilized as probes DNA restriction fragments derived from
the T4 td gene, as well as short synthetic oligodeoxy-
nucleotides defining specific nucleotide sequences in the td
gene (Fig. 1B and Table 1). These DNAs were radioactively
labeled and used as probes to screen for similar sequences in
DNA extracted from E. coli, X phage, and coliphages T1 to
T7. Table 2 summarizes the hybridization results with T4
td-specific DNA restriction fragmeht probes containing ei-
ther exon I, exon II, or intron segments. The exon-specific
probes from T4 phage hybridized to T2 and T6 DNA, which
is not surprising as antibody to T2 thymidylate synthase has
been shown to cross-react with the T4 enzyme (4). The TS
phage, the only T-odd phage which encodes its own
thymidylate synthase (2), does not contain td-specific exon
sequences, indicating that the overall TS5 synthase primary
structure may be significantly different from that of the
thymidylate synthase in T-even phages. More interestingly,
the T4 td intron probe from T4 phage hybridized to both T2
and T6 DNA, suggesting the presence of T4-like intron
sequences in the latter phages. Although these data do not
specify the location of these sequences in T2 and T6, they
demonstrate a lack of significant sequence homology be-
tween the T4 phage td gene fragments and the genomes of
phage \, T1, T3, T3, or T7 or that of E. coli. In the last case,
the cloned E. coli thymidylate synthase gene (thyA) in
pBTAH (3) also failed to hybridize to the td intron probe
(Table 2). These results were confirmed by data from hybrid-
ization analyses, under high-stringency conditions, of the
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FIG. 2. Hybridization analysis of T phage DN As with rd region-specific synthetic oligodeoxynucleotides. The oligodeoxynucleotides were
labeled with 32P at the 5' end. T4alc7 is a T4 mutant whose DNA contains cytosine in place of the normally present hydroxymethylcytosine
residues in wild-type T-even phage DNAs. (A) Analysis with td exon (Ex)- or intron (In)-specific oligodeoxynucleotide probes. (B) Analysis
with pre-splice-junction-specific oligodeoxynucleotide probes. See Fig. 1 for the location of synthetic probes in the td gene.

various DNAs with oligodeoxynucleotide probes whose
sequences (Table 1) are unique to either T4 ¢d exon I (Fig.
2A, panel a), intron (panel b), or exon II (panel c). Since the
DNA fragment probes (Table 2) were derived from the
T4alc7 phage, a T4 mutant which contains cytosine in place
of 5-hydroxymethylcytosine (19), DNA from the mutant was
included as a control.

To determine the location of the T4 td intronlike se-
quences, particularly in relation to the thymidylate synthase
exons in T2 and T6é DNA, we probed the respective DNAs
with synthetic oligodeoxynucleotides defining the ends of
the intron as well as the flanking 5’ and 3’ splice sites of the
T4 td gene. Conditions for washing the hybridized filters
were stringent (52°C instead of 22°C), such that only com-
plete hybrids were stable enough to be detected. For exam-
ple, an oligodeoxynucleotide (24-mer) defining the contigu-
ous T4 td exon I-exon II spliced junction failed to hybridize
to T4 DNA containing the interrupted ¢d gene or to T2 or T6
DNA (Fig. 2A, panel d). The 5' (Fig. 2B, panel c) and 3’ (Fig.
2B, panel d) end sequences of the T4 ¢d intron were present
in both T2 and T6 genomes. Furthermore, the exon-intron
boundary sequences defining the T4 td exon I-intron (Fig.
2B, panel a) and intron-exon II (Fig. 2B, panel b) splice sites
were also detected in both T2 and T6, suggesting that the td
intronlike sequence in these phages may interrupt their
respective td genes in the same relative position as that in
T4. To confirm that this is indeed the case, we carried out
hybridization analyses of Taql-restricted DNA fragments of
T2, T4, and T6 with T4 td exon I-specific (24-mer) and
intron-specific (22-mer) oligodeoxynucleotides as probes.
Taql was used for restriction because it cuts DNA contain-
ing glucosylated hydroxymethylcytosine residues. Based on
the known nucleotide sequences of the T4 phage frd (encod-
ing dihydrofolate reductase) and ¢d genes, which were
previously shown to overlap by a 4-bp stretch (antisense
ATGA) (9, 24), a 1.7-kb DNA fragment comprising the 3’
portion of frd, td exon 1, and a 907-bp stretch of td intron
should be generated from T4 DNA by Tagql (Fig. 3B). The
results of hybridization analysis of the Tagl-restricted T2,
T4, T6, and T4alc7 DNA fragments after electrophoresis on
1% agarose slab gel and blotting are presented in Fig. 3A. As

expected for the positive-control DNAs, a 1.7-kb DNA band
in both the T4 and T4alc7 digests hybridized to T4 td-specific
exon I and intron oligodeoxynucleotide probes (Fig. 3a and
b, respectively). The identity of the 3’ end of this fragment
containing the truncated td intron was confirmed by its
failure to hybridize to oligodeoxynucleotide probes defining
either the 3’ end of the T4 td intron or the 5’ end of exon II
(Fig. 3c). Significantly, both the T2 and T6 DNA digests
contained a 1.7-kb species exhibiting a T4-specific pattern of
hybridization to the oligodeoxynucleotide probes (Fig. 3),
implying the presence of a very similar nucleotide sequence
among the T-even phages in this region of the genome
containing the frd and td genes.

A
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1.7 kb4 * - | - | 1.7kb
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FIG. 3. Blot hybridization analysis of Tagl-restricted DNA from
T-even phages. (A) DNA fragments generated by digestion with
Tagql were electophoresed on an agarose gel, blotted onto a nitro-
cellulose filter, and subjected to hybridization analysis with 32P-
labeled synthetic oligodeoxynucleotides. Ex, Exon; In, intron. See
Table 1 for the nucleotide sequence of the probes. (B) Tagql
restriction sites in the 2.85-kb EcoRI td fragment, showing the
generation of a 1.7-kb fragment with Tagl. The second Tagl site is
based on the T4 td gene sequence (11). The first Tagl site to the left
of the first EcoRI site is determined from the nucleotide sequence of
the T4 frd gene encoding dihydrofolate reductase (24).



4372 CHU ET AL.

2 3 4 5 .6 7 8 910 ¢

<—C-In
e PM

— |-In

FIG. 4. In vitro synthesis and processing of transcripts of E. coli
and phage DNA. Transcription of DNA with E. coli RNA polymer-
ase was carried out at 30°C in the presence of [a-32PJATP in a
volume of 10 pl. After 30 min, RNase-free DNase was added to
terminate transcription. After 10 min at 22°C, one half of the treated
reaction was chilled on ice and the other half was shifted to 60°C for
10 min. The resulting RNA products were electrophoretically ana-
lyzed in a 5% polyacrylamide-8 M urea slab gel as described in
Materials and Methods. The transcripts were transcribed from E.
coli B DNA (lanes 1 and 2), T2 DNA (lanes 3 and 4), T4 DNA (lanes
S and 6), T6 DNA (lanes 7 and 8), TS DNA (lanes 9 and 10), and
spliced RNA products from Hpal-linearized pSP64td DNA (lane c).
The odd-numbered lanes show RNA synthesized at 30°C; the
even-numbered lanes show RNA synthesized at 30°C and processed
at 60°C. The RNA size markers (1.4 and 0.56 kb) were transcripts of
pSP-A marker DNA (Promega Biotec). The gel positions of the T4 td
1-kb circular intron RNA (c-In), 2.7-kb primary transcript (PM),
1.7-kb spliced transcript (MM), and 1-kb linear intron RNA (1-In)
are indicated.

On the basis of the observed variation in hybridizing
intensity of the 1.7-kb DNA fragment derived from different
T-even DNAS, one may speculate that multiple copies of the
target sequence may be present in the more strongly hybrid-
izing T2 and T4alc7 DNA fragments. We believe that this is
not the case for the following reasons. First, restriction of
phage DNA with Taql was incomplete. Second, although
Tagql is able to restrict DNA containing cytosine or glucosyl-
ated hydroxymethylcytosine, we have observed that cyto-
sine-containing (in T4alc7) and underglucosylated hydroxy-
methylcytosine-containing (in T2) (25) DNAs are better
substrates. Therefore, the observed difference in hybridiza-
tion in Fig. 3 most probably reflected various amounts of the
1.7-kb fragment generated from different phage DNAs. The
data presented in Fig. 3, when analyzed in conjunction with
those in Fig. 2B that show the presence of contiguous exon
I-intron and intron-exon II sequences in T2 and T6 DNA,
allow us to reasonably conclude that the T4 td intronlike
segment in these phages interrupts their respective thymidyl-
ate synthase structural genes in precisely the same location
as that in T4. Further confirmation was afforded by the
experiment described below.

Linear and circular forms of ¢d intron RNA in T2 and T6
phage-specific transcripts. T4 phage td gene expression in-
vokes autocatalytic processing of the td primary transcript
involving intron excision-cyclization and exon ligation (8,
11), which are characteristic of class I introns (32). The
mechanism and requirements (guanosine and Mg?*) of td
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RNA splicing were elucidated first by cloning the T4 phage
gene into a SP6 promoter-controlled vector, followed by
detailed study of the transcriptional and posttranscriptional
processing events in vitro (10). In these experiments, td
self-splicing was shown to be temperature dependent, being
dramatically inhibited at 30°C or lower.

The T-even phages all contain modified cytosine residues
in the form of hydroxymethylcytosines which are sometimes
glucosylated, and this makes the DNA of these phages
extremely resistant to restriction by most enzymes (18).
Cloning of many T4 genes has been made possible by the
construction of T4 phage mutants whose DNA contains
unmodified cytosine to various degrees (19, 34). Unfortu-
nately, cytosine-containing mutants of T2 and T6 phages are
not available, making the cloning of genes from these two
phages quite difficult. To investigate the nature of the intron
sequences in the ¢d gene of these phages, transcripts were
synthesized from total phage DNA with E. coli RNA poly-
merase at the nonsplicing temperature of 30°C and then
induced to splice at 60°C. As the td gene product is ex-
pressed early during infection by T-even phages, it is rea-
sonable to expect that E. coli RNA polymerase would
transcribe the td genes in vitro. Figure 4 shows an electro-
phoretic analysis of in vitro-transcribed products in a 5%
polyacrylamide slab gel. In all cases, discrete RNA bands
were not evident under nonsplicing conditions (lanes 1, 3, 5,
7, and 9). However, a slowly migrating RNA species (c-In)
was generated after incubation at 60°C of RNA transcripts
synthesized from T2, T4, and T6 DNAs (lanes 4, 6, and 8,
respectively). This band, which comigrated with the circular
form of the T4 phage td intron RNA formed from the cloned
gene in vitro (lane c), was missing from E. coli and TS phage
transcripts (lanes 2 and 10, respectively).

Northern hybridization analysis of the T2, T4, and T6
RNAs after incubation at 60°C (Fig. 4, lanes 4, 6, and 8,
respectively) with a T4 phage zd intron-specific oligo-
deoxynucleotide 21-mer probe (Table 1) revealed two dis-
crete hybridizing bands in each case; one band comigrated
with the T4 phage ¢d circular intron RNA (c-In migrating
aberrantly at approximately 5 kb) and the other comigrating
with the 1-kb linear form (Fig. §, lanes 2, 3, and 4 for T2, T4,
and T6, respectively). The linear form, though present,
could not be resolved from other T2, T4, or T6 transcripts of
similar size (Fig. 4, lanes 4, 6, and 8). Consistent with the
notion that E. coli and TS phage may not contain T4 phage td
intronlike sequences was the absence of hybridizing RNA
species from their corresponding in vitro transcripts (Fig. 5,
lanes 1 and 5, respectively). However, it cannot be unequiv-
ocally ruled out that the failure to detect T4 td intronlike
sequences in TS phage and in E. coli might reflect a very low
level of transcripts containing these sequences, particularly
in the case of E. coli.

A similar hybridization analysis was performed on RNA
made in T-even-phage-infected cells. Total RNA extracted
from T2, T4, or T6 phage-infected cells at 10 min postinfec-
tion showed a similar pattern of RNA hybridization to the
intron-specific 21-mer probe (data not shown), eliminating
the possibility of in vitro transcription artifacts. Therefore,
the data from both in vitro and in vivo systems lead to the
conclusion that each T-even phage contains a 1-kb intron
present in comparable location within the respective td gene.
Furthermore, hybridization analyses suggest that the respec-
tive td intron shares a high degree of sequence homology and
a similar mechanism of self-excision and cyclization. Fi-
nally, ¢d intron RNA excision-cyclization observed at 60°C
in vitro (Fig. 4 and 5) corroborates our previous finding that
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FIG. S. Northern hybridization analysis of in vitro transcripts
processed at 60°C. Unlabeled versions of the transcripts shown in
Fig. 4, lanes 2, 4, 6, 8, and 10, were subjected to 5% gel electro-
phoresis on a 1.5-mm-thick slab gel, electroblotted to a nylon
membrane, and then analyzed for an intron-specific sequence by
hybridization to a *2P-labeled oligodeoxynucleotide 21-mer comple-
mentary to a region in the 5’ end of the T4 phage td intron
(nucleotides 774 to 794 in Table 1). Hybridized RNA bands were
visualized by autoradiography. The gel lanes show RNA from
uninfected E. coli B cells (lane 1) and from E. coli B infected with
phage T2 (lane 2), T4 (lane 3), T6 (lane 4), and T5 (lane 5). The RNA
size markers and abbreviations are as described in the legend to
Fig. 4.

the td RNA self-splicing reaction in vitro is highly tempera-
ture dependent (10).

Other candidates for self-splicing introns in the T-even
phages. The mechanism of RNA self-splicing was first deci-
phered for T. thermophila for the processing of its nuclear
large rRNA precursor (7, 17, 35). The first of three trans-
esterification reactions (6) occurs at the 5’ splice site and
requires the participation of a guanosine cofactor (GTP,
GDP, GMP, or guanosine) which is covalently joined to the
5’ end of the intron, resulting in the release of exon I RNA
and formation of a guanosine-intron-exon II intermediate
(Fig. 6A). A second transesterification reaction at the 3’
splice site results in the ligation of exon I to exon II RNA and
the production of a linear guanosine-intron RNA. Cycliza-
tion of the guanosine-intron linear RNA via another
transesterification results in the loss of an oligonucleotide
containing the added guanosine from the 5’ end of the RNA
(reaction not shown in Fig. 6A). The covalent association of
the noncoded guanosine with the 5’ end of released linear
intron RNA has been observed for all known class I self-
splicing introns (7, 13, 17, 21, 30). We therefore decided to
utilize this reaction to screen for potential self-splicing
introns in the T-even phages. Multiple 3?P-labeled RNA
species (Fig. 6B, arrows) from T-even-phage-infected E. coli
cells were observed on incubation of total cellular RNA with
[-*2PIGTP under self-splicing conditions (40 mM Tris hy-
drochloride [pH 7.5], 10 mM MgCl,), five from T4-infected
cells (Fig. 6B, lane 5), and three each from T2- (lane 3) and
T6 (lane 4) -infected cells. However, no tagging of uninfected
E. coli RNA (lane 2) or TS5-infected E. coli RNA (not shown)
by GTP was observed, implying but not proving the absence
of self-splicing introns in the host bacterium and TS5 phage,
respectively. The specificity of guanosine labeling was
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shown by the inability of [a-32P]ATP to label these RNAs
(lane 1, showing T4 RNA). In addition, circular td intron
RNA did not retain the added labeled GTP which was
released along with the 5’ uridine as a dinucleotide during in
vitro cyclization (10). All T-even-phage-infected RN As con-
tained a 1-kb labeled species (band 1) which comigrated with
the labeled intron RNA derived from an SP6 td transcript in
vitro (Fig. 6B, lane 6). In addition, all of the RN As contained
a 0.9-kb (band 2) and a 0.75-kb (band 4) species, suggesting
that, other than the td gene, two genes common among the
T-even phages may contain class I intervening sequences.
The T4 phage-infected RNA contained two additional
guanosine-labeled RNAs (0.83 and 0.6 kb, represented by
bands 3 and 5, respectively) which are absent in the T2- and
Té6-infected cells. The 0.6-kb species (band 5) is probably the
intron RNA excised from the transcript of the nrdB gene
encoding the T4 phage ribonucleotide reductase small sub-
unit. This gene has been sequenced recently and was found
to possess an intron of 625 bp containing an open reading
frame of 291 bp (26), making it the second example of an

INTRON
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FIG. 6. (A) Reaction scheme showing the generation of [a-
32P)GTP-labeled linear intron RNA during processing of T4 td
precursor RNA. This reaction was first reported for the self-splicing
of nuclear large rRNA precursor in T. thermophila (7) and subse-
quently was shown to occur with transcripts from the T4 phage td
gene (11). The guanosine-intron-exon II intermediate is very unsta-
ble and is readily converted to guanosine-intron via cleavage at the
intron-exon II junction (10). (B) In vitro labeling of total RNA
extracted from uninfected and T-even-phage-infected E. coli B with
[«-32P]GTP. The conditions for covalent addition of GTP to RNA in
vitro are described in Materials and Methods. Lanes: 1, T4-infected
RNA plus [a->2P]JATP; 2, uninfected RNA plus [a->2PIGTP; 3,
T2-infected RNA plus [a->2P]JGTP; 4, T6-infected RNA plus [a-
32p)GTP; S, T4-infected RNA plus [a-3?P]GTP; 6, in vitro SP6 td
transcript plus [a-32P]JGTP. See the legend to Fig. 4 for a description
of RNA size markers. The numbers and arrows to the right identify
the [a-32P]GTP-labeled RNA species according to size.
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intron-containing procaryotic protein-encoding gene. In
vitro self-splicing activity of the nrdB gene transcript was
recently demonstrated by Gott et al. (14), who showed that
autocatalytic addition of [a-*?PIGTP to total T4 phage-
infected RNA occurred with a major 0.6-kb RNA species
corresponding to the size of the nrdB intron. As both T2 and

Té6 transcripts (Fig. 6B, lanes 3 and 4, respectively) lacked

the 0.6-kb RNA species, it would be reasonable to assume
that the nrdB gene in T2 and T6 may not be interrupted, at
least not by an intron of the self-splicing variety. In this
respect, an oligodeoxynucleotide (20-mer) defining the 5’
portion of the nrdB intron in the T4 phage failed to hybridize
to T2 and T6 phage DN As (unpublished observation). This is
in contrast to the case of the td gene, which is interrupted by
fairly homologous intervening sequences in all T-even
phages (9; this work). An extremely pleasant surprise is that
our biochemical data appear to corroborate the data of Kim
and Davidson on heteroduplex analysis of T2, T4, and T6
phage DNA (16). Although their heteroduplex maps, con-
structed in 1974, are somewhat out of date due largely to
revision to include newly found T4 phage genes, heterodu-
plex maps of both T2-T4 and T6-T4 showed a deletion loop
in the revised nrdB region at about 137 kb and none in the
revised td region at about 142 kb.

In conclusion, the td gene, which was previously found in
the T4 phage to contain a 1,017-bp intron, was shown here to
be interrupted in both T2 and T6 phages by an intron whose
size and nucleotide sequence are very similar, if not identi-
cal, to those of its counterpart in T4. Data from [a-32P]GTP
labeling of total RNA from phage-infected cells tentatively
identified a 0.9- and a 0.75-kb intron in addition to the 1-kb td
intron in all T-even phages and two others of 0.83 and 0.6 kb
in the T4 phage only. The smallest species, of 0.6 kb, and
apparently unique to T4, is probably derived from the
intron-containing nrdB gene of the phage (14, 26). The origin
of these phage introns and of introns in general poses a very
interesting question. If introns were procaryotic in origin,
then their rarity in procaryotes could have resulted from loss
in response to evolutionary pressure on the procaryotes to
streamline their genomes, disposing of unnecessary regula-
tory mechanisms. If introns were eucaryotic in origin, their
presence in some procaryotes for some as yet unknown
function probably resulted from a recombination event.
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