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ABSTRACT The thymidylate synthase gene (thy) (EC
2.1.1.45) of Bacillus subtis bacteriophage 122 has a self-
splicing, group I intron inserted into a highly conserved region
of the coding sequence. The intron is very similar to one that
is inserted 21 bp further downstream in the homologous
thymidylate synthase gene (td) of Eschenchia coil bacterio-
phage T4. In contrast, the amino acid sequences of the bacte-
riophage thymidylate synthases are highly divergent. The 122
intron has a fgmentary open reading frame (ORF) that
encodes a putative helx-turn-helh DNA-binding motf, sim-
flar to one at the carboxyl terminus ofthe homing endonucease
(I-TevI) encoded by the T4 i intron. The td ORF and the thy
ORF f ents are inserted into different regions of their
espective intron structures. These results ses that the
thymidylate synthase genes, their introns, and their respective
intron-ORFs all have separate evolutionary histories and that
the cquisitiont of the intron could not have occurred by a
simple hong event.

Several bacteriophage genes contain self-splicing group I
introns. The Escherichia coli bacteriophage T4 genome in-
cludes three such genes: td (thymidylate synthase, TS, EC
2.1.1.45), nrdB (small subunit of ribonucleotide reductase),
and sunY (nrdD, anaerobic ribonucleotide reductase) (re-
viewed in ref. 1). Like many other group I introns, the td and
sunY introns contain open reading frames (ORFs) that code
for site-specific (homing)DNA endonucleases involved in the
transfer of the intron to intronless target sites (2). Although
the T4 nrdB ORE does not code for a functional protein, it is
a truncated version of one found in the nrdB intron of a
related bacteriophage, RB3, whose product cleaves the in-
tronless version of the T4 nrdB gene (3).

In addition to the coliphage introns, an intron was discov-
ered in gene 31 (coding for DNA polymerase) of the Bacillus
subtilis bacteriophage SPO1 (4). Despite considerable diver-
gence in primary sequence between the SPO1 intron and the
three closely related T4 introns, the four bacteriophage
examples make up a distinct subgroup (IA2) within the set of
all group I introns (5). The SPO1 intron also contains an ORF
(4) that encodes aDNA endonuclease (H. Goodrich-Blair and
D.A.S., unpublished data).

Speculation on the distribution and origin of introns in
bacteria is restricted by the small number of introns that has
been discovered so far. Besides the phage introns, these
include a few examples ofgroup I introns in tRNA genes and
group II introns in protein-coding genes in both cyano- and
proteo- ("purple") bacteria (6-11). Each additional example
of a bacterial intron should yield new information that can
help to clarify the origin and role of these genetic elements.

P22, a virulent B. subtilis bacteriophage with a broad host
range (12), contains a TS gene that has been cloned (13). In
the course of sequencing this cloned gene, we encountered a
stop codon that, when compared to the sequence of several
previously sequenced TS genes, was located in the middle of
the coding sequence. Here we show that the 1322 thy gene
contains a group I intron which is remarkably similar in
sequence and structure to the intron in the td gene of phage
T4.O

MATERIALS AND METHODS
Cloning and Sequencing of the 1322 thy Gene. The P22

bacteriophage thy gene was subcloned from plasmid pBD214
(13). A Nsi I-SnaBI fmrgment from the thy region ofpBD214
was inserted into pGEM-7Zf(+) (Promega) between the Nsi
I and Sma I sites. In sequencing this fiagment we encoun-
tered a stop codon in the middle of the putative coding
sequence. To determine the DNA sequence further down-
stream, the EcoRI-Bgl II fragment from the thy region was
cloned into pGEM-3Zf(+) between the EcoRI and BamHI
sites. The remainder of the intron and TS coding sequences
were determined from this clone.

In-Vitro Transcription and Splicing. Transcription reac-
tions were performed according to the supplier's instructions
(14). T7 RNA polymerase transcripts were uniformly labeled
with [a-32P]UTP. Self-splicing of full-length products was
carried out at 370C or 60°C in transcription buffercontg
100 pAM GTP.

RESULTS AND DISCUSSION
122 thy Gene Sequence. The DNA sequence of a 1540 bp

fragment from plasmid pBD214 (13) containing the 1322 thy
gene is shown in Fig. 1. The location of the thy coding
sequence was deduced by identifying conserved TS amino
acid residues (15). The coding sequence begins with a UUG
codon at nucleotide 238 and is preceded by a ribosome
binding site (GGAGG) that is located 9 nt upstream of the
initiation codon. Upstream of this ribosome binding site is a
potentially strong hairpin structure that is followed by a run
of U residues, suggesting the presence of an upstream
transcriptional terminator sequence.
TS Coding Sequence. An in-frame stop codon is located

right after a conserved arginine codon at nucleotide 817. In all
of the previously sequenced TS genes, this arginine residue
is followed directly by a serine residue. Conserved TS codons
in the 1822 thy sequence resume 392 nt downstream of this

Abbreviations: H-T-H, helix-turn-helix; ORF, open reading frame;
TS, thymidylate synthase.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. L31962).
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1 TGGAGAAGTTTACCAATGGCGAGGAAGAGATCGTTGTGTTGAGTTTATGAGAACTCATCCTACTTTCTTACAAGAACTTG
81 AGAATCGTTTGCGTGGAGTTGATATTGAAGCTCCTGATGCTGAACCAACAAGCGAAGAAGGTTATGAAGACAACGTAGAA

161 GTAATTACTTTGAAGGAAGAAGAATAAGAGGGCGGGCTTCGTGCCCGCCTTTTTTTCTTAAAGGGAGGCTTACAAAA

238 TTG GCT TAT GCA GAT TTA GTA TAT TCA AAT GTT GTA AAA GAA ATT TTG GAT CAT GGT ATA
1 M A Y A D L V Y S N V V K E I L D H G I

298 TGG GAT AAA GAT CAA GAT GTT AGA ACT AAA TGG GCA GAT GGT ACG CCA GCT TAT ACA AAG
21 W D K D Q D V R T K W A D G T P A Y T K

358 AGT GTT ATT TCT ACT CAG ATG AAG TTT GAT AAT AAG GAA GTA CCG ATC CTA ACA CAA AAA
41 S V I S T Q M K F D N K E V P I L T Q K

418 AGA GTA GCT TGG AAA ACC GCA ATT AAA GAG ATT CTT GCT TTT TGG AAA GAC AAA GAA TAT
61 R V A W K T A I K E I L A F W K D K E Y

478
81

538
101

CGC TTC GAT TAT TTT CAC AAA CAC AAT ATT CAC ATT TGG GAT GAA TGG GAA ATA AAA GAT
R F D Y F H K H N I H I W D E W E I K D

MunI
GGA AAA TGG AAG GGA ACA ATT GGC CCA AGT TAT GGA TAT CAA ATG GGA AAA CTA GTT CGA
G K W K G T I G P S Y G Y Q M G K L V R

598 AAA GGA GAA CTA TTA GAC ATT GTC CAT GGT GAA CCT ACT TAT AAA ATG TTA GAT CAA GTA
121 K G E L L D I V H G E P T Y K M L D Q V

658 GAC TAC TTA CTT GAT CAA CTT AAC ACA AAT CCA TCA AGT CGA AGA CAT ATT ACA TCT TTA
141 D Y L L D Q L N T N P S S R R H I T S L

718
161

778
181

843
923

1003

1083

1163
195

1233
202

1293
222

1353
242

1413
262

1473
282

TGG AAC ATT CAT GAC CTT GAT GAA ATG GCA CTA AAT CCT TGT GTT TGG AAT ACT CAA TGG
W N I H D L D E jM A L N P C V W N T Q W

TT5 splice site
CTT GTA AAA GAA GGA AGT CTT CAT TTG ATT GTT GGA GTC CGT TAA TTAGTAGCGGCTTTAGGGAG
L V K E G S L H L I V G V R *

EcoRI
TAATCCCTATCGAATAAATCTGTGAATTCAGGGGAAGCCTGTAGCCACTGTCTTGAGATAGGGGTATGGCAATCCTGAGC
GAAGCCTCTTAAGGAGGAACGTGCAACGACTATCCCTTCGGGGAGTACACCCAAGCGGGTGGAAGCGCAGATTCCCTATT

SnaBI
GTATCAAAAGTAGCAATGCTAAGTACGTAGGCTACTGTTATAAATAGGGTAGTGATATAGTCTGGCCTTCATGGAAACAT

3' splice site
GGAGCAGCGTAAGCGGGCAGGGAGTAGCGAACCCTGTTGAACATAAGCG VAGT AAT GAT ATG GGA CTT GGC

S N D M G L G
ScaI

AAT CCA TTC AAT GTT TTC CAG TAC TAT GTT CTT CAA AGA ATG ATT GCT CAA GTA ACA GGA
N P F N V F Q Y Y V L Q R M I A Q V T G

TAT GAA ATC GGT ACA TTG ACT TTC AAT ATC AAT GAT GCT CAT ATT TAC GAG AGA CAT ATT
Y E I G T L T F N I N D A H I Y E R H I

GAA CCT TTA GAA AAA CAA ATC AGT TTG CCT TCA TAC CCA GCT CCA ATT TTA CGT ATC AAT
E P L E K Q I S L P S Y P A P I L R I N

MunI
CCA GAA ATT AAA AAC TTT TAT GAT TTC ACA ATT GAT GAT TTT GAT CTC GTT GGT TAT GAA
P E I K N F Y D F T I D D F D L V G Y E

CAT GGC CCT ACT ATT TCT ATG GAA GTG GCA ATC TAA GAATAAAGGAGTCATTACTAATGTCTTTTCTT
H G P T I S M E V A I *

arginine codon with a serine codon at nucleotide 1212,
followed two residues later by an invariant aspartic acid
residue. To maintain a conserved TS amino acid sequence,
,322 would have to contain a 392-nt intron, with the 5' splice
site located after a U residue at nucleotide 819 and the 3'
splice site located after aG residue at nucleotide 1211. These
boundaries are characteristic of group I introns (5).
The amino acid sequence of (22 TS was compared to other

TS proteins by the BESTFIT program of the Genetics Com-
puter Group package (Table 1). (322 TS shared between 56%
and 58% similarity with the TS genes ofeukaryotes, with only
slightly greater similarities to the TS genes of bacteria.

Table 1. Comparison of selected TS amino acid sequences
% similarity to % identity to 822

Organism (22 TS sequence TS sequence
Escherichia coli phage T4 51.7 30.2
Homo sapiens 55.8 36.7
Leishmania major 56.0 32.0
Saccharomyces cerevisiae 57.6 34.8
Escherichia coli 58.1 35.8
Staphylococcus aureus 59.2 35.0
Bacillus subtilis thyB 60.4 36.5
Bacillus subtilis phage 43T 74.5 60.1
Comparisons to (22 TS amino acid sequence were made by the

BESTFIT program. References for all amino acid sequences are given
in ref. 15.

FIG. 1. (22 thy gene sequence. Nu-
cleotide sequence of a fragment of (822
bacteriophage DNA containing the thy
gene. The horizontal, facing arrows indi-
cate a possible strong stem-oop struc-
ture followed by a run ofTs that could be
a transcription termination signal. The
probable thy ribosome binding site
(GGAGG, horizontal bar) is downstream
ofthis terminator sequence. Locations of
the 5' and 3' splice sites and relevant
restriction sites are indicated. Upper
numbers on the left are nucleotide posi-
tions and lower numbers in the coding
region are amino acid residues. Two in-
frame stop codons are indicated by as-
terisks.

Similarity to B. subtilis thyB TS was not significantly greater
than to other bacterial TSs. The greatest similarity (74.5%)
was to TS of the temperate B. subtilis phage #3T, whose thy
gene does not contain an intron (16). Interestingly, phage #3T
thy resembles B. subtilis thyA (a second B. subtilis TS gene,
whose sequence has not been reported) more closely than it
does thyB, as determined by their phenotypic properties and
nucleic acid hybridization (17). Remarkably, the (22 TS was
least similar to the E. coli phage T4 TS.
The relationships between the (22 TS and the T4 and 4b3T

TS sequences were highlighted even more dramatically by
the analysis of percent identity of amino acid residues. (322
TS amino acid residues shared only 30.2% identity with those
of the T4 TS gene, but were 60.1% identical with the #3T
gene. In addition, the (322 TS sequence is distinct from other
TS genes and more similar to the 43T TS gene in the sequence
nearthe active site. Amino acids 169-174 (boxed in Fig. 1) are
conserved residues that constitute the active site, with the
cysteine sulflhydryl reacting with substrate dUMP. The
amino acid directly adjacent to the carboxyl end ofthis active
site is a histidine in 11 TS sequences and appears to influence
TS activity (18). However, a valine is present at this position
in both the 43T and (322 sequences. Together these findings
imply that the E. coli T4 and B. subtilis (322 TS genes do not
share a recent common ancestor.
Sef-Spling in Vitro. A Mun I fragment from plasmid

pBD214 (Fig. 1) was cloned into the EcoRI site of plasmid
pGEM-3Zf(+) to give plasmid pTS10. The inserted fragment
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was oriented such that T7 RNA polymerase transcribes the
sense strand to give the thy RNA sequence. Plasmid pTS10
DNA was digested with BamHI, which cleaves the vector
downstream of the inserted thy sequence, Sca I, which
cleaves about 40 nt downstream of the 3' splice site, or
SnaBI, which cleaves within the intron sequence (Fig. 1). In
addition, plasmid pTS11, which contained the thy Mun I
fragment in the reverse orientation relative to the T7 RNA
polymerase promoter, was linearized with BamHI. Tran-
scriptiop products from these linearized DNAs were sepa-
rated by electrophoresis on a denaturing 5% polyacrylamide
gel (Fig. 2). Transcription of the SnaBI-linearized pTS10
DNA and the BamHI-linearized pTS11 DNA each resulted in
a single labeled RNA of the predicted size (560 nt and 920 nt,
respectively). However, transcription of pTS1O DNA linear-
ized with either BamHI or Sca I resulted in four prominent
RNAs. Two of the RNAs from the BamHI-digested plasmid
appeared to be the same size as two ofthe RNAs from the Sca
I-digested plasmid as judged by their migrations on the gel.
From the sizes of the predicted splicing products, we could
identify the smaller of these two bands as the linear intron
(approximately 390 nt). The full-length BamHI-linearized
pTS10 RNA comigrated with the BamHI-linearized pTS11
RNA product (920 nt), and, as expected from the DNA
sequence, the full-length Sca I-linearized pTS10 RNA prod-
uct was about 210 nt shorter (710 nt). The bands labeled with
asterisks in Fig. 2 were the predicted sizes of the ligated
exon-exon RNAs derived from the BamHI-linearized pTS10
transcripts and the Sca I-linearized pTS10 transcripts (530 nt
and 320 nt, respectively). The large comigrating bands are
circularized introns. The identity of these RNA species has
been confirmed using intron- and exon-specific probes (data
not shown). In denaturing 4% polyacrylamide gels (not
shown) the circular intron RNA migrates faster than the
full-length RNA species rather than slower as in the 5%
denaturing gel shown in Fig. 2 (cf. also Fig. 3, which shows
a 5% denaturing gel run at a lower voltage). This aberrant
migration pattern is characteristic of circular RNA (19).
To follow the in vitro splicing reaction, BamHI-linearized

pTS10 DNA was transcribed at room temperature for 10
minutes to give a single major transcription product. This
RNA was then incubated at 37°C or 60°C, and samples were
removed every 2 min after the addition of 100 ,uM GTP (Fig.
3). The results show a temperature dependence of splicing
similar to that demonstrated for other introns (20). At 37°C
approximately 5% of the input RNA was spliced after 8 min,
whereas at 60°C about 95% of the input RNA was spliced
after only 2 min. At 60°C one can see a decrease over time in
the amount of the linear intron and a corresponding increase

1 2 3 4

Intron, circle

- 710
-560

-Intron, linear

FIG. 2. RNA products from transcription (37C for 60 min) of thy
gene DNA. Lanes: 1, pTS11 digested with BamHI; 2, pTS10 digested
with BamHI; 3, pTS10 digested with Sca I; and 4, pTS10 digested
with SnaBI. Exon-exon RNAs are marked by asterisks. The posi-
tions of intron RNAs are indicated on the right. Predicted sizes (in
nt) of the full-length transcription products are shown.
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FIG. 3. Self-splicing of the pTS10 BamHI RNA. Transcription of
BamHI-linearized pTS10 DNA at room temperature for 10 min gave
a single RNA seen in the time 0 lanes. This RNA was incubated at
either 37°C or 60°C, and samples were removed at 2-min intervals.
The marker lane (M) contained 5'-end-labeled DNA fragments of the
indicated sizes in nucleotides (Bio-Ventures Group, Portland, ME).
Lane T contained the in vitro transcription products of BamHI-
digested pTS10 incubated at 37°C for 60 min.

in the amount ofthe circular form, while the amount ofligated
exon-exon RNA remains relatively constant.
Secondary Structure of the Intron. Group I introns share a

common structure. A secondary structure model, initially
proposed on the basis of a few examples from fungal mito-
chondria (21, 22), is consistent with the sequences of a large
number of subsequently described examples from extremely
diverse biological sources (see ref. 5 for a recent compila-
tion). The functional significance of the proposed hydrogen
bonding interactions is supported by mutations that inacti-
vate splicing and by second-site suppressors that restore base
pairing, as well as by covariation of paired bases in closely
related introns (23).
Group I introns have been divided into smaller subgroups

according to shared elements ofsequence and structure, with
the four bacteriophage introns making up subgroup IA2 (5).
Not surprisingly, within this subgroup the three introns that
reside in the T4 genome are more closely related to each other
than they are to the intron in B. subtilis bacteriophage SPOL.

Fig. 4 shows the /22 thy intron folded according to the
group I secondary structure rules. The sequence contains
every conserved group I structure element and, like the other
phage introns, belongs to subgroup IA2. Surprisingly, the
Bacillus bacteriophage ,322 thy intron is more closely related,
in both sequence and structure, to the T4 introns than to the
one in SPOL.
Base identity at homologous positions of the T4 td intron

is highlighted in Fig. 4 and extends both to normally con-
served sequence elements and to regions that are not highly
conserved among distantly related introns. For example, P9
is a stem-loop structure that is universally present in group
I introns, typically comprising a 7-bp stem and a 4-base loop
with the sequence GNRA, where N is any nucleotide and R
is either G or A. There is little conservation of primary
sequence in the P9 stem. Additionally, of the 87 group I
introns compiled in ref. 5, P7.1 is limited to the 24 members
ofthe IA subgroups and one memberof subgroup IB4, among
which there is substantial heterogeneity in both secondary
structure and primary sequence. P7.1 and P9 are extraordi-
narily similar in the 1322 thy and T4 td introns. The overall
similarity of the (322 thy intron to the T4 introns remains high
throughout (55% identity to td over 245 aligned residues),
with similarity to the T4 nrdB intron even slightly exceeding
that to td (not shown).
On the other hand, the intron in the DNA polymerase gene

of B. subtilis phage SPO1 is more distantly related to the
intron in ,322. There are large differences in structure: the
SPO1 intron has an unusual insertion between P3 and P4 and
lacks P9.1 and P9.2. Also, P9 ofSPO1 is much longer than P9
of P22 thy and is unrelated to it in primary sequence.

Evolution: Bechhofer et aL
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Additionally, only 50o of the SPOl intron residues that can
be aligned are identical to the thy intron residues of #22.

In contrast to P9 and P7.1, whose primary sequences are

not conserved, residues 1134-1145 (the P8/P7 junction and
the 3' portion ofP7) are highly conserved among all the group
I introns (5). It is, therefore, not surprising that the #22
sequence should be identical at 10, 11, and 12 of the 12
positions with the sunY, td, and nrdB introns of T4, respec-
tively. However, the first position of this sequence is almost
universally an A, with a G in td and nrdB as the only
exceptions in the compilation ofMichel and Westhof (5). The
second position is somewhat more variable, with A repre-
sented in a majority ofcases and U as the major variant. Only
nrdB shares both of these variations, as well as identity at all
the other positions, with #22.
A Truncated ORF Within the Intron. One feature that is

common to all of the other bacteriophage introns, but is
lacking in 822, is a protein coding sequence inserted into one
of the terminal loops. The longest ORF in the #22 intron
(residues 935-1126) is only 64 codons, and it lacks a start
codon in the context of a recognizable ribosome binding site.
However, one indication that this may be a remnant of a

functional ORF is the location of its UAG stop codon within
the 3' portion of the P8 helix (Fig. 4). We have previously
noted that, although almost all of their coding regions are in
terminal loops peripheral to the intron core, the 3' ends of all
the phage intron ORFs coincide with base-paired parts of the
structure that are required for splicing (4, 24-26). In partic-
ular, the SPOl intron ORF also ends in the 3' portion of P8
(4).
A search of protein sequence databases with BLASTP (27)

through the network service at the National Center for
Biotechnology Information revealed similarities between the
C-terminal portion of this ORF and several proteins, a

surprising number of which (8 of 13) are from proteobacteria
or their viruses (Fig. 5). In four of the eight bacterial
examples, the similarities are also at their extreme C termini,
suggesting that the sequence similarities might reflect a

functional relationship. Interestingly, one of these is I-TevI,
the td intron-encoded endonuclease of bacteriophage T4. All
ofthese proteins bind DNA and, with the exception ofI-TevI,

U C
A C

A AC A

A
A

GM~.

FIG. 4. Secondary structure of
the #22 thy intron. Conserved
base-paired regions are indicated
(P). Arrows indicate splice bound-
aries. Bases identical to those at
equivalent positions of the T4 td
intron are shaded. Stop codons
referenced in the text are indi-
cated with +. Numbering is the
same as in Fig. 1.

are transcriptional regulators. The existence of an H-T-H
DNA-binding motif has been noted in some of them (28). A
log probability score was calculated for the ,22 sequence by
using a recently presented H-T-H motif model (28). The near
perfect resulting score of 8.5 x 10-8 (0.0 is perfect) was
statistically significant compared to 101 randomly shuffled
controls (P < 0.01).
The existence of a vestigial ORF within an intron is not

novel. An example exists in the bacteriophage T4 nrdB
intron, whose ORF has undergone a deletion of491 bp, either
in the wild or very early in its propagation in the laboratory
(3). We propose that a similar deletion in the loop ofP8 ofthe
#22 intron has left behind the coding sequence for the
C-terminal portion of a functional protein.
The presence of a putative H-T-H domain at the extreme

C terminus of I-TevI is unexpected, as (i) this protein has
been characterized as binding to its DNA target primarily in

y,.V...V.VVVYV....

| -H-T-H - l
DGVEYISATEAARQLGVVPATILHRIKSSNAKYVGY 61

a SIDEAAMELGMPLRTLYHRIKLLN 315
b TEAARQLGITRKTLLAKL 4351439
c DGVIFDCAADAARHFKISS6LVTYRVKS 235
d KAARLLGMTPRQIAYRIQTLN 516
a HLSFTRAAEELFVTQAAVSHQIKS 43
f HLSFTRAAIELCVTQAAVSHUVKS 43

EDVSLRAMARRLGRAPSTLMRELRRNATARGGY 55
h GIEGLTTRKLAQKLGVEQIPTLYWHVKNKRA 50

FIG. 5. Similarity of the #22 thy ORF fragment to bacterial
protein sequences aligned by BLASTP. An 18 amino acid sequence in
#822 that is similar to one that is identified in proteins with a
helix-tur-helix (H-T-H) DNA-binding motif (28), is indicated by
inverted triangles. The 20 amino acid segment that is typically
identified as making up this motif is also shown (H-T-H). Numbers
on the right indicate the position of the C-terminal amino acid ofeach
aligned segment in its respective protein sequence. Proteins, their
source, and GenBank accession numbers are as follows: (a) WtsA,
Erwinia stewartli (L06093). (b) HydG, Escherichia coli (M28369) and
Salmonella typhimurium (M64988), whose sequences are identical in
this region. (c) I-TevI, bacteriophage T4 (M12742). (d) NifA, Azo-
tobacter vinelandii (Y00554). (e) GcvA, Escherichia coli (X73413).
(f) AmpR, Pseudomonas aeruginosa (X54719). (g) IS1086, Alcali-
genes eutrophus (X58441). (h) TeR, TnlO, Haemophilus parainflu-
enzae (M15539).
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the minor groove (29) and (ii) a truncated version of I-TevI
that lacks approximately the distal third ofthe protein is fully
active in vitro (30). Either the H-T-H domain of I-TevI plays
a minor role in binding its substrate or I-TevI has an alter-
native, uncharacterized DNA target.

Origin of TS Introns in Bacteriophage. Very little is known
about bacteriophage /322, and any proposed relationship to
the T-even phages would be entirely speculative. Because
,(22 infects Gram-positive Bacillus species, and T4 and its
relatives infect Gram-negative enteric bacteria, there would
seem to be scant opportunity for genetic recombination in a
common host. Indeed, the genetic isolation ofP22 and T4 can
be inferred from the evolutionary distance of their TS genes
(Table 1). While this distance may be attributed, in part, to
unusually rapid evolution of viral genes, the P22 amino acid
sequence is more divergent from T4 than even the eukaryotic
proteins.

In this context, the remarkable similarity of the 8322 and T4
introns is strong evidence in favor of relatively recent acqui-
sition. The mechanism for the spread of group I introns
presumably involves their homing endonucleases, site-
specific endonucleases that recognize and cleave the DNA
sequence interrupted by the intron (31). Because its recog-
nition sequence is split, an intron-containing gene is not
sensitive to its own endonuclease, serving instead as a
template for the repair of cleaved DNA. The result is unidi-
rectional gene conversion to the intron-bearing allele, with
coconversion of flanking markers (32). This phenomenon,
called intron homing, is also thought to result in occasional
cleavage at ectopic sites and, if there is sufficient similarity
of flanking sequences to those in the exons, to lead to
transposition of the intron during repair.
Thus, once established in an intron, an ORF encoding a

homing endonuclease would tend to maintain its specificity
for sequences surrounding the insertion site. The only way
for a gene to permanently rid itselfofsuch an intron in a single
step would be through inexact deletion, as exact deletion
simply recreates the target for future homing events. It is
probably for this reason that these introns are found in
strongly conserved positions of highly conserved genes (33).

It is, therefore, not surprising that genes for TS, one of the
most conserved enzymes (15), should be hosts to an intron
with a homing endonuclease. Nor should it be surprising that
the intron is inserted in the coding region for one of the most
highly conserved domains within this protein (15). It is not at
all obvious, however, why the location of the 822 intron
within this conserved domain is shifted exactly seven codons
upstream from the location in T4 (Fig. 6). Moreover, the
location of the (322 thy intron ORF is also shifted to P8,
compared with P6 in T4 td (34). These differences imply that
the intron and the ORF are separately mobile (35-37) and
make it difficult to explain the movement of the intron as a
simple homing event.
The T4 homing endonuclease, I-TevI, has several proper-

ties that distinguish it from most others. Whereas other
enzymes have very specific target sequences and cleave very
close to the intron insertion site, I-TevI cleaves the two

Y O R S V D V F L 6 ,L P F N I A
T4 TAT CAA COC TCA OTA GAT OTT TTC TTG GOT CTA CCO TTT AAT ATT GCG

t -tI----------------I

GOA GTC COT AGT AAT GOAT ATO GGC CTT GGC AAT CCA TTC AAT OTT TTC
022 G V R AS N D M G L G N P F N V F

FIG. 6. Insertion sites of the group I introns in the TS genes of
bacteriophages T4 and .822. Aligned amino acid sequences and their
DNA codons are shown. Filled triangles indicate intron insertion
sites. The segment of the T4 DNA that interacts with I-TevI is
indicated by a dashed line (29). Arrows show the cleavage sites on
the two strands of T4 DNA.

strands of its target sequence 23 and 25 nt from the intron
insertion site and is very tolerant of sequence changes in its
recognition sequence (29, 32, 38). The close proximity of the
cleavage site of the T4 enzyme and the insertion site of the
(322 intron is striking (Fig. 6). Together with its unusual
ability to cleave variations of its homing sequence, this
suggests that the T4 ORF may be adapting to a relatively
recent change in intron position. It appears that the group I
introns, the ORFs that render them mobile, and the genes
they inhabit have different evolutionary histories. TS introns
of bacteriophages may provide a useful experimental system
for reconstructing their mutual interactions.
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